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ABSTRACT 


This  thesis  examines  the  mechanics  of  gassy  sediments. 
The  term  '’mechanics'1  is  used  in  its  classical  sense  to  refer 
to  the  study  of  the  behaviour  of  a  system  when  subjected  to 
the  action  of  external  forces  or  stresses. 


A  gassy 
solid  parti. 


oil  or  sediment)  is  defined  as  an  assemblage 
es,  imoued  with  a  pore  fluid  which  contains  a 


large  amount  of  gas ,  either  dissolved  in  the  pore  liquid 
phase,  or  existing  m  the  free  state. 

There  are  two  grossly  observable  transient  processes 
which  are  normally  operative  in  a  gassy  soil.  One  is 
consolidation,  vnich  is  due  to  the  movement  of  the  pore  fluid 
through  the  solid  matrix.  The  other  is  gas  exsolution,  which 


is  defined  in  a  macroscopic  sense  as  the  observed  ability  of 
the  gaseous  phase  to  move  into  or  out  of  solution  in  the 
liquid  phase.  At  the  microscopic  level,  gas  exsolution  must 
comprise  several  processes,  amongst  which  are  gas  sorption 
and  bubble  nucleation. 


Gassy  soil  behaviour  may  be  subdivided  into  two 
general  categories,  equilibrium  and  non-equilibr ium. 
Equilibrium  behaviour  is  that  behaviour  which  is  (or  has 
become)  independent  of  time.  Non-equilibrium  behaviour 
includes  both  transient  processes  and  is  time-dependent.  The 
behaviour  may  be  further  described  by  the  terms  drained  or 
undrained ,  referring  to  the  flow  of  pore  fluid  through  the 


v 


soil,  and  by  immediate  or  long  term,  referring  to  the  gas 
exsolution  process. 

The  theory  concerning  the  undrained  equilibrium 
behaviour  of  gassy  soils  is  discussed,  and  its  predictive 
capabilities  verified  by  laboratory  tests.  Using  this 
theory,  a  distinction  between  gassy  soil  and  unsaturated  soil 
is  made  on  the  basis  of: 

(a)  the  amount  of  gas  in  the  pore  space. 

(b)  the  observed  behaviour  of  the  soil. 

The  gas  exsolution  process  is  observed  in  the 
laboratory,  both  for  undrained  and  totally  drained  boundary 
conditions.  A  macroscopic  theory  of  gas  exsolution  is 
proposed  for  the  drained  case,  which  is  compared  to  theories 
describing  the  behaviour  of  simple  models  subjected  to  the 
single  processes  of  gas  sorption  and  bubble  nucleation.  A 
finite  difference  solution  (based  on  the  macroscopic  theory) 
is  then  developed  for  the  undrained  case,  and  its  predictions 
are  compared  to  observed  behaviour. 

The  consolidation  and  gas  exsolution  processes  are 
combined  into  one  general  theory  of  transient  behaviour, 
which  incorporates  a  linear  elastic  constitutive  relationship 
for  the  soil.  The  resulting  differential  equation  is  non¬ 
linear,  for  which  a  finite  difference  solution  is  presented. 
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Pore  fluid  pressure  changes  a 
gassy  soil  are  then  examined, 
pressure  at  the  boundary,  and 
stress  at  the  boundary,  (t 


undrained 

unloading  phase 

i 

perfectly 

plastic  manner) . 

Th 

char ac  ter 

ized  by  a  ground  reac 

round  a  shaft  or  borehole  in  a 
for  the  case  of  changing  fluid 
for  the  case  of  changing  total 
he  soil  response  during  the 
s  modelled  in  an  elastic 
e  response  of  the  shaft  wall  is 
tion  curve  for  the  soil. 
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RESUME 

Le 

su  j  e  t 

de 

cette 

these  est 

l'etude  de 

la  mecanique 

des  sols 

riches 

en 

gaz. 

Le  terme 

"mecanique" 

/ 

est  employe 

dans  le 

sens 

cla 

ss ique 

car  il 

\ 

refere  a 

l'etude  des 

comportement  d'un  systeme  soumis  a  Inaction  de  forces  ou  de 
contraintes  exterieures. 

Un  sol  riche  en  gaz  comprend  an  assemblage  de 
par t icules  sol ides  et  an  liquide  inter Stic iel  con tenant  ane 
grande  quantite  de  gaz  soit  a  l^etat  libre  soit  aissouts. 

En  general,  on  peat  distinguer  deax  processus 
transitoires  dans  les  sols  riches  en  gaz:  la  consolidation  et 
1 ''exsolution.  La  consolidation  results  du  mouvement  da 
liquide  intersticiel  a  traver  la  matrice  solide. 
L" exsolution  definie  au  sens  macroscopique  comme  la  quantite 
de  la  phase  gazeuse  se  dissolvant  ou  s^evaporant  de  la  phase 
liquids.  Au  niveau  microscopique  ce  processus  d' "exsolution" 
englobe  plusieurs  precedes  physiques  tels  l'absorption 
gazeuse  et  la  nucleation  des  bulles. 

Le  comportement  des  sols  riches  en  gaz  peut  se 
subdiviser  en  deux  categories  :  l^etat  d^equilibre  et  l^etat 
de  non-equilibre.  L'etat  d'equilibre  est  caracterise  par  un 
comportement  independent  du  temps.  Le  comportement  de  l'etat 
de  non-equilibre  inclus  l'etat  transitoire  et  la  dependence 
du  temps.  Ensuite  cet  etat  de  "non-equilibre”  peut  etre 


deer i z 


de  comportement  draine  ou  non  draine 
viii 


en  terme 


concernant  1^ ecoulement  liquide  a  travers 


le  sol  et  en  terms 


de  comportement  instantanne  ou  differs  lorsqu^il  s^agit  di 


processus  d"*  ex  solution. 

La  theorie  decrivant  le  comportement  d^equilibre  non 
draine  des  sols  "gazeux"  est  discutee  et  son  potentiel  est 
verifie  par  la  simulation  de  tests  en  laboratoire.  Cette 
theorie  cermet  de  distinguer  les  sols  "gazeux"  des  sols  non 
satures  suite  a 

(a)  la  quantite  de  gaz  dans  les  pores. 

(b)  le  comportement  observe  du  sol, 

Le  processus  d^exsolut ion  est  observe  en  laboratoire 
pour  les  conditions  aux  limites  non  draine  et  draine.  On 

propose  une  theorie  macroscopique  d^exsolution  des  gaz  pour 

/  \ 

le  cas  draine  et  on  la  compare  a  des  modeles  simples 
decrivant  le  processus  d^absorption  des  gaz  et  de  nucleation 
en  bulles.  Une  solution  par  la  methode  des  differences 
finies  est  aussi  deveioppe  pour  le  cas  non  draine  et  les 

X  X  X 

resultats  sont  compares  aux  compor tements  ooserves. 

La  consolidation  et  le  processus  d^exsolution  sont 


combines  dans  une  theorie  generale  de  comportement 
transitoire  incorporant  une  loi  de  comportement  eiastique  et 
lineaire  pour  le  sol.  Liquation  dif f erentielle  resultante 
est  non  lineaire  et  la  solution  est  obtenue  par  la  methode 
des  differences  finies.  Le  changement  des  pressions 
intersticielles  autour  des  puits  ou  des  forages  dans  les 
sediments  gazeux  est  analyse.  On  examine  egalement  les 
changements  de  pressions  aux  limites  et  les  changements  de 


IX 


contraintes  totales  aux  limites  en  simulant  le 
du  sol  pendant  le  chargement  non  drains  oar  une 
plastigue  parfaite.  Le  comportement  de  la  paroi 
caracterise  par  une  courbe  de  reaction  du  sol. 


:ompor  temen 
loi  elasto 
du  puit  es 
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CHAPTER  i 


INTRODUCTION 


1.1  GENERAL 

Soil  mechanics  is  the  study  of  the  fluid  conductivity, 
volume  change  and  strength  behaviour  of  an  assemblage  of 
particles,  and  may  be  rightly  thought  of  as  particulate 
mechanics.  It  is  normally  subdivided  into  three  broad 
groups:  dry  soil,  wet  soil  with  no  flow  or  constant  flow 
(undrained  and  fully  drained  cases)  and  wet  soil  with 
transient  flow. 

Initially,  the  study  of  wet  soils  was  confined  to 
soils  saturated  with  water.  Terzaghi^s  hypothesis  of 
"effective  stress"  was  based  upon  the  observed  deformation 
and  strength  behaviour  of  saturated  soils.  It  is  saturated 
soil  that  the  practising  engineer  in  temperate  climates  deals 
with  in  the  majority  of  soil  mechanics  problems. 

However,  there  are  also  two  classes  of  unsaturated 
soil  which  have  been  recognized.  The  first  class  is  related 
to  the  construction  of  earth  fill  dams,  road  beds,  airport 
runways  and  backfill  for  earth-retaining  structures,  using 
remolded,  compacted  material  which  is  partially  saturated;  or 
to  many  dry  areas  of  the  earth  that  have  not  experienced 
active  erosional  or  depositional  processes  over  recent 
geological  time,  and  have  developed  deep  layers  of  residual 
soils  which  are  partially  saturated.  In  both  these 
instances,  the  practising  engineer  has  developed  methods  of 
designing  structures  built  of  or  on  such  soils,  and  the 
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theoretical  engineer  has  conducted  research  into  ways  of 
extending  classical  soil  mechanics  theories  to  incorporate 
these  materials. 

This  class  of  unsaturated  soil,  which  is  now  commonly 
recognized  and  understood  reasonably  well,  has  been  described 
as  a  three  phase  system  consisting  of  solid  particles,  water 
and  air.  The  pore  fluids  have  a  distinct  characteristic,  in 
that  the  gas  phase  is  only  slightly  soluble  in  the  liquid 
phase.  This  has  a  profound  effect  on  the  observed  soil 
behaviour . 

More  recently,  however,  and  mostly  associated  with  the 
exploration  for  and  exploitation  of  new  energy  resources, 
another  class  of  unsaturated  soil  has  been  recognized.  This 
class  possesses  two  characteristics  which  dominate  the  soil 
behaviour ; 

(a)  There  is  a  large  amount  of  gas  dissolved  in  the 

pore  fluid,  either  because: 

(i)  the  gas  is  very  soluble,  such  as  is  the  case 

for  methane  or  C09  in  water  or  bitumen,  or 

(ii)  the  insitu  fluid  pressures  are  initially  very 
high,  so  that  even  with  low  solubility  the 
reduction  to  near  atmospheric  pressures  causes  the 
production  of  large  volumes  of  gas. 

In  both  of  these  instances,  it  is  not  uncommon  to  have 
the  potential  of  producing  a  volume  of  gas  several  to 
tens  of  times  larger  than  the  initial  volume  of  voids 


in  the  soil. 
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(b)  The  soil  exhibits  a  low  hydraulic  conductivity, 
either  because: 

(i)  the  absolute  permeability  is  low,  such  as  is 
seen  in  lacustrine  and  marine  deposits,  or 

(ii)  one  or  several  of  the  pore  fluids  has  a  high 
viscosity.  The  oilsands  found  in  the  Athabasca, 
Cold  Lake  and  Peace  River  areas  of  Alberta  are 
typical  of  this  class  of  material.  They  comprise 
a  dense  aggregate  of  coarse  silt  to  fine  sand  size 
particles,  of  very  uniform  grading.  Water 
saturated  samples  may  exhibit  hydraulic 
conductivities  in  the  order  of  10“^  to  10”^ 
cm/sec (Agar ,  1982).  However,  the  exploitable 
oil-rich  samples  have  hydraulic  conductivities  as 
low  as  1Q~®  to  10”9  cm/sec.  at  in-situ 
temperatures,  (Dusseault,  1980). 

As  a  consequence  of  the  large  volumes  of  dissolved  gas 
in  such  materials,  undrained  pore  pressures  are  high,  and  are 
only  reduced  to  near  atmospheric  values  if  either: 

(a)  a  long  time  is  available  for  consolidation  and 
diffusion  of  gas  from  the  system,  or 

(b)  effective  stresses  are  reduced  to  such  a  small 
value  that  actual  disruption  of  the  soil  fabric  occurs, 
with  an  increase  of  permeability  and  a  venting  of  the 
gas  phase. 
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Commonly  for  such  soils,  the  pore  size,  the  pore 
pressure  and  the  gas  saturation  are  high  enough  that 
differences  in  fluid  pressure  in  the  gas  and  liquid  phases 
are  insignificant  and  can  be  ignored.  This  idea  will  be 
addressed  further  in  Chapter  2. 

This  class  of  material  will  be  referred  to  as  a 
"gassy"  soil.  The  term  "gassy"  is  meant  to  have  a  very 
specific  meaning  in  the  context  of  this  thesis,  which  will  be 
developed  further  in  this  chapter,  and  in  Chapter  2.  The 
following  section  discusses  several  instances  where  such  a 
soil  has  been  recognized  in  the  literature,  and  the  observed 
behaviour  correctly  attributed  to  the  phenomenon  of  large 
volumes  of  dissolved  gas. 

1.2  A  NEW  CLASS  OF  SOIL 

1.2.1  Oilsands 

The  oilsands  of  the  Athabasca  region  in  Alberta  have 
been  under  study  by  engineers  and  scientists  since  the  early 
1920'*s.  Ells  (1926)  reported  on  the  escape  of  gas  from 
oilsands  during  drilling  and  excavation.  Hardy  and  Hemstock 
(1963)  were  the  first  to  recognize  the  significant 
geotechnical  implications  of  gas  in  the  oilsands,  describing 
both  the  loss  of  strength  and  change  in  deformation 
properties  accompanying  gas  exsolution.  Sample  disturbance 
and  insitu  vs  disturbed  strength  'in  the  oilsands  has  been 
discussed  thoroughly  by  Dusseault  (1977,1980). 


uncemented 


Insitu,  oilsand  is  an  extremely  dense, 
fine-grained  sand.  It  exhibits  low  compressibilities  and 
high  strengths  (Dusseault  &  Morgenstern,  1978a, b).  As 

mentioned  above,  hydraulic  conductivities  for  samples  with  no 
bitumen  are  on  the  order  of  10”**  cm/sec.  However,  the 
presence  of  a  highly  viscous  bitumen  reduces  the  hydraulic 
conductivity  of  oil-rich  samples  to  10  to  10  cm/sec. 
Hardy  &  Hemstock  reported  a  bitumen  viscosity  of  1.3  *  10^ 
mPas  (ImPas  =  1  centipoise)  and  Carrigy  (1967)  reports  insitu 
viscosities  from  several  hundred  to  several  tens  of  thousands 
of  Pascal-seconds. 


Upon  reduction  of  confini. 

ng  stress 

(and 

thus  pore 

pr essur 

e)  dissolved 

gas  tends  to 

come  out 

of 

solution  in 

large 

quantities . 

Both  methane 

and  CO? 

are 

present  in 

substantial  amounts  in  the  pore  water  and  bitumen.  In  the 


undrained 

case,  this 

leads 

to  the  maintenance  of  ins 

i  tu 

pressures 

or  alternat 

ively  to 

the  production 

of  large  vol 

ume 

changes , 

which  cause 

a  loss 

of  strength  and 

an  increase 

in 

compressibility . 

Particular  observations  of  this  phenomenon  have 
included : 

(a)  disturbance  of  core  samples:  swelling,  splitting 
longitudinally  and  diametrically,  effervescence,  and 
corrugation  (Hardy  &  Hemstock,  1963). 

(b)  excavations  for  foundations:  excessive  swelling 
(heave)  and  softening  of  materials  at  the  base  of  the 
excavation,  followed  by  settlement  on  reloading. 
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(c)  slopes:  swelling,  softening  and  surficial 
"slabbing"  of  material  leading  to  retrogression  and 
overall  flattening  of  steep  slopes  in  oilsand. 

(d)  pore  pressures  within  slopes:  initial  decrease  in 
pore  pressures  due  to  unloading  followed  by 
time-dependent  increases  in  part  due  to  gas  exsolution. 

1.2.2  Deep  Sea  Deposits 

Ckumura  (1977)  reported  on  the  disturbance  of  samples 
taken  just  below  the  sea  floor,  but  subjected  to  initial  pore 
pressures  equivalent  to  100  to  10,000  meters  of  overlying 
water.  These  marine  sediments  were  of  low  permeability  and 
saturated  with  water  and  dissolved  air.  Although  the 
solubility  of  air  in  water  is  small,  he  calculated  that  the 
large  decreases  in  pressure  on  retrieval  of  the  sample  would 
lead  to  substantial  decreases  in  effective  stress. 

1.2.3  Geopressure  Reservoirs 

A  conference  was  held  on  the  "Geotechnical  and 
Environmental  Aspects  of  Geopressure  Energy"  in  1980 
(Saxena,  1980)  which  discussed  the  possibility  of  exploiting 
deeply  buried  gas  reserves  in  the  Gulf  Coast. 

These  reserves  are  found  in  upper  Cretaceous  and 
Tertiary  sediments,  buried  to  depths  of  3300  to  4400  meters. 
The  reservoirs  are  wedge-shaped  and  faulted,  and  contain 
saline  waters  with  dissolved  methane  gas.  Reduction  of 
insitu  fluid  pressures  (57  to  80  Mpa)  to  atmospheric  would 


produce  20  to  30  SCF  of  gas  per  barrel  of  water,  a  volume  4 
to  6  times  the  insitu  void  volume. 

1.2.4  Alto  Lazio  Nuclear  Power  Plant,  Italy 

- - - - -  .  ... — ...  -  — - - - — -  .  —  -  - ’  .  

From  1973  to  1981,  excavations  were  made  at  the  sites 
for  ENEL  VI  &  VIII  Nuclear  Power  Plants  in  Alto  Lazio,  Italy 
(D^ Appolonia ,  1981).  The  excavation  was  approximately  320 

meters  by  330  meters  in  size  and  progressed  in  stages  to  a 
depth  of  approximately  10  meters. 

The  site  is  underlain  by  about  25  m  of  sands  and 
gravels  (unit  II)  ,  30  m  of  silty  clay  (unit  III)  ,  15  m  of 

silty  sand  (unit  IV)  ,  and  at  least  130  m  of  clay  (unit  V)  . 
Units  III  and  IV  were  found  to  contain  CC^  qas  in  solution  in 
the  pore  fluids,  which  exsolved  with  a  reduction  in  total 
stress  and  pore  water  pressure.  Unit  IV  was  relatively 
permeable  and  showed  little  pore  pressure  response  to  either 
unloading  or  dewatering  processes.  Unit  III,  however,  was 
relatively  impermeable  and  pore  pressures  in  this  zone 
responded  well  to  changes  in  total  stress  due  to  excavation. 
During  the  early  part  of  the  excavation,  before  the  upper 
aquifer  (Unit  II)  was  dewatered,  Unit  III  showed  an  immediate 
response  to  unloading.  3  values  (Skempton,  1954)  in  the 
order  of  0.4  to  0.6  were  measured.  The  initial  water 
saturations  in  this  layer  were  greater  than  95%,  and  based  on 
measured  soil  compressibility,  B  >  .90  was  expected.  Hence 
there  was  an  indication  of  a  less  sensitive  pore  pressure 
response  due  to  the  exsolution  of  gas  during  the  excavation 
period.  The  measured  heaves  were  limited  to  about  15  cm 
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(total)  and  5  cm  due  to  units  III  &  IV,  since  the  reduction 

in  effective  stress  at  this  depth  was  not  large.  The 

development  of  this  deformation  in  layer  III  may  have  been 
speeded  up  by  the  exsolution  of  gas,  however. 

1 . 3  NOMENCLATURE 

It  is  necessary  at  this  point  to  mention  several  items 
of  nomenclature  to  avoid  future  confusion. 

Saturation 

In  soil  mechanics,  the  term  saturation  has  been  used 
exclusively  to  describe  the  proportion  of  the  pore  space 
occupied  by  a  particular  fluid.  For  example,  a  sample  of 

oilsand  may  have  a  void  volume  of  100  cm^ ,  distributed  as 

8  8  8 
5  cm  of  free  gas,  75  cm  of  bitumen  and  20  cmJ  of  water. 

The  terms  5%  gas  saturation,  75%  bitumen  saturation  and  20% 

water  saturation  are  then  applicable.  If  the  term 

"saturation"  is  not  modified  by  some  adjective,  it  is 

understood  to  imply  saturation  of  water  in  the  voids. 

In  speaking  of  mixtures  of  liquid  and  gas,  however,  it 
is  also  possible  to  use  the  term  saturation  in  referring  to 
the  amount  of  gas  dissolved  in  the  liquid  divided  by  the 
maximum  amount  dissolvable,  at  a  particular  pressure  and 
temperature.  Thus,  water  is  saturated  with  air  at  atmosperic 
pressure  and  room  temperature  when  it  contains  two  per  cent 
by  volume  of  dissolved  air.  It  is  possible  for  the  water  to 
be  undersaturated ,  and  if  it  is  at  equilibrium,  no  free  gas 
will  be  present  in  the  system;  or  if  there  is  some  free 
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gas  present,  it  will  be  dissolving  in  time  and  a  state  of 
disequilibrium  will  prevail.  It  is  also  possible  for  water 
to  be  momentarily  over saturated  with  air,  which  again  is  a 
disequilibrium  state. 

The  terms  "saturation”,  "gas  saturation",  "water 
saturation",  etc.  where  used  alone  in  this  thesis  will  refer 
to  the  former  meaning,  (i.e.  the  condition  of  the  pore 
spaces)  ,  whilst  use  of  the  terms  in  referring  to  liquid-gas 
equilibrium  will  be  indicated  by  appropriate  modifiers. 
Liquid-gas  saturation  pressure 

An  additional  term,  the  "liquid-gas  saturation 


pressure",  (P^/g)  will  be  used  in  reference  to  a  closed 
system  of  liquid  and  gas.  It  will  mean  that  pressure  at 
which  the  liquid  in  the  system  is  just  saturated  with  gas  - 
no  free  gas  exists  and  the  system  is  at  equilibrium.  This  is 
equivalent  to  the  term  "bubble  pressure"  used  in  petroleum 
engineer ing . 


It 
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an 
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Undrained,  Drained,  Short  and  Long  Term  Behaviour 

The  terms  "undrained"  and  "drained”,  "short"  and 
"long"  term  behaviour  also  need  clarification.  It  is  common, 
when  evaluating  a  problem  in  soil  mechanics,  to  bound  the 
anticipated  behaviour  of  soil  by  looking  at  the  extremes  of 
undrained  and  drained  boundary  conditions.  An  undrained 
condition  refers  to  that  situation  where  no  pore  fluids  are 
permitted  to  move  across  the  boundaries  of  a  soil  element, 
and  is  practically  only  achievable  either  where  the  boundary 
condition  can  be  imposed  (such  as  in  a  laboratory  test)  or 
where  the  permeability  of  the  soil  is  so  low  that  no 
measurable  drainage  may  occur  over  a  specified  time  interval. 
Total  stress  changes  at  the  soil  boundary  result  in  both  pore 
and  effective  stress  changes  in  the  soil  element,  and 
depending  on  the  relative  compressibilities  of  the  soil 
skeleton  and  the  pore  fluid,  some  volume  change  may  occur. 
For  most  saturated  soils,  it  is  a  reasonable  assumption  to 
say  that  the  volume  change  is  zero  and  that  the  total  stress 
changes  are  almost  completely  transformed  into  changes  in 
pore  fluid  pressure.  At  the  other  extreme,  "drained" 
behaviour  refers  to  the  soil  element  which  provides  no 
hindrance  to  movement  of  pore  fluids,  so  that  any  changes  in 
total  stress  at  a  boundary  are  supported  completely  by 
changes  in  effective  stress.  Any  intermediate  condition  of 
partial  drainage  is  also  possible. 
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For  saturated  soils,  it  is  common  to  equate  the  terms 
"undrained"  and  "short  term"  behaviour,  and  "drained"  and 
"long  term"  behaviour,  since  the  only  operative  transient 
process  is  consolidat ion .  For  a  gassy  soil,  however,  they 
are  not  equivalent.  It  is  most  important  to  recognize  that  a 
second  transient  process  of  gas  exsolution  exists,  which  will 
also  cause  changes  in  pore  pressure  with  time,  so  that  it  is 
possible  to  have  both  short  and  long  term  undrained 
responses,  if  the  exsolution  process  is  much  faster  than  the 
consolidation  process,  or  if  the  undrained  boundary  condition 
is  enforced. 


Gas  Exsolution 

The  term  gas  exsolution,  introduced  above,  will  be 
used  in  a  general  way  in  this  thesis  to  refer  to  ail  those 
processes  going  on  at  a  microscopic  scale  that  lead  to  our 
macroscopic  observation  that  gas  is  either  "dissolving"  or 
"coming  out  of  solution".  These  microscopic  processes 
include,  (but  are  not  limited  to),  gas  sorption,  (i.e. 
absorption  or  desorption) ,  which  refers  to  the  transfer  of 
gas  from  the  free  (bubble)  state  to  the  dissolved  state 
across  a  liquid-gas  interface  (or  vice  versa) ;  and  bubble 
nucleation,  that  physical  phenomenon  which  determines  where, 
how  many,  at  what  size  and  at  what  rate  gas  bubbles  will  form 
in  the  soil.  The  concept  of  gas  exsolution  is  discussed  in 


more  detail  in  Chapter  5. 
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Gassy  Soils 

Lastly,  the  term  "gassy  soil"  will  be  used  throughout 
this  thesis  to  refer  specifically  to  that  material  which 

.  .  i  -  i  ...T*.  m  — i— ■  ■  '  mmmm  ■■  ■■  ■ ...  — ■  — i  —  ■  — '  —  ....... 

contains  a  relatively  large  volume  of  gas  either  dissolved  in 

the  pore  liquids  or  existing  in  the  free  state .  The 
determination  of  what  constitutes  a  "large"  volume  is 
somewhat  subjective,  but  for  general  purposes  may  be  defined 
as  a  volume  which,  measured  at  atmospheric  pressure,  is  at 
least  several  times  the  saturated  void  volume. 

The  definition  of  a  gassy  soil  is  fairly  complex.  The 
concepts  are  treated  further  in  Chapter  2,  and  a  practical 
means  of  distinguishing  between  "gassy"  and  "unsaturated" 
soils  is  given  in  Section  2.7. 

The  word  "gassy"  is  used  to  avoid  the  confusion 
inherent  in  the  word  "gas-saturated",  which  already  has 
several  specific  meanings. 

1.4  SCOPS  OF  THESIS 


It 

is 

the 

purpose  of 

this  thesis  to 

discuss  the 

mechanics 

of 

the 

behaviour 

of  gassy  soils 

subjected  to 

changes  in  boundary  stresses.  This  behaviour  may  be  divided 
into  two  groups,  equilibrium  and  non-equilibrium. 

Equilibrium  behaviour  is  the  simplest  to  formulate 
analytically,  as  there  are  no  rate  processes  involved.  The 
physics  describing  the  pressure-volume  relationship  for  free 
gas  and  the  relationship  between  volume  of  dissolved  gas  and 
pressure  is  well  understood  and  has  been  treated 
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theoretically  in  the  literature.  This  information  will  be 
summarized  in  Chapter  2. 

Although  the  equilibrium  behaviour  has  been  discussed 
and  modelled  to  explain  field  behaviour,  it  has  not  (for 
gassy  soils)  been  verified  quantitatively  in  the  laboratory. 
Chapter  3  will  describe  the  laboratory  investigation 
undertaken  to  provide  such  verification,  and  the  results  will 
be  discussed  in  Chapter  4. 

Less  is  known  about  the  non-equilibrium  case,  and  no 
attempt  has  been  made  to  formulate  a  proper  theory.  There 
are  several  reasons  for  this.  Although  it  is  possible  to 
speculate  on  the  microscopic  processes  responsible  for  gas 
exsolution,  these  are  not  completely  catalogued  nor  well 
understood  for  soils.  Those  processes  which  are  thought  to 
have  a  dominant  role,  gas  sorption  and  nucleation,  can  be 
modelled  only  for  the  simplest  of  boundary  conditions,  and 
indeed  currently  form  the  frontiers  for  research  in  several 
fields  of  mechanical  and  chemical  engineering.  Application 
of  these  ideas  to  soil  problems  is  difficult  because  of  our 
incomplete  knowledge  of  the  complex  boundary  conditions  in 
soils . 

Hence  this  research  approaches  the  non-equilibrium 
behaviour  from  an  observational  point  of  view.  Laboratory 
investigations  of  the  transient  behaviour  for  both  the 
undrained  and  drained  cases  are  presented  in  Chapter  3.  A 
physical  "law"  is  postulated  for  the  exsolution  process  on 
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the  basis  of  the  observed  (macroscopic)  behaviour  in  Chapter 
5,  and  an  attempt  is  made  to  support  this  hypothesis  by 
considering  the  dominant  microscopic  processes. 

The  laboratory  results  for  non-equilibrium  behaviour 
are  analyzed  in  Chapter  6,  first  for  the  drained  case,  on 
which  the  macroscopic  gas  exsolution  hypothesis  is  based,  and 
then  for  the  undrained  case. 

A  general  theory  of  partially-drained  behaviour  is 
then  developed  in  Chapter  7  which  incorporates  consolidation, 
gas  expansion  and  gas  exsolution.  Finally,  this  is  applied 
to  the  problem  of  fluid  pressure  responses  around  a  borehole, 
shaft,  or  tunnel  in  Chapter  8.  Immediate  pore  fluid  response 
is  determined  in  the  plastic  zone  surrounding  a  shaft,  and 
then  the  transient  response  due  to  consolidation/exsolution 
is  examined.  The  determination  of  ground  reaction  curves  for 
a  shaft  in  a  gassy  soil  is  also  discussed. 


CHAPTER  2  -  EQUILIBRIUM  BEHAVIOUR  OF  GASSY  SOILS 


2.1  GENERAL 

It  is  the  intent  of  this  chapter  to  provide  a  general 
introduction  to  the  physical  behaviour  of  unsaturated  and 
gassy  soils.  Only  the  equilibrium  behaviour  of  such  soils 
will  be  considered,  which  means  that  behaviour  which  is 
governed  by  processes  which  are  or  have  become  independent  of 
time . 

Consider  an  element  of  soil  (Figure  2.1)  which  has  an 
undrained  boundary  and  which  is  subjected  to  known  total 
stresses  along  that  boundary.  The  soil  itself  consists  of 
solid  particles  which  are  in  contact  with  each  other  and  form 
a  continuous,  3-dimensional  network  referred  to  as  the  "soil 
skeleton".  The  interstices,  or  pores,  are  occupied  by  one  or 
several  fluids,  which  may  be  either  a  gas  or  a  liquid  or  a 
mixture  of  several  gases  and/or  liquids. 

The  total  stress  applied  at  the  boundaries  of  this 
element  are  carried  internally  by  a  stress  acting  in  the  soil 
skeleton  and  a  stress  acting  in  the  pore  fluid.  The  latter 


is  referred 

to 

as 

the  pore  pressure; 

the  former 

is 

charac  ter ized 

by 

the 

"effective  stress" , 

which  is 

that 

portion  of  the  average  intergranular  stress  in  excess  of  the 
pore  pressure  multiplied  by  the  areal  porosity. 

Any  change  in  total  stress  on  the  boundary  of  this 
element  will  be  accompanied  by  a  change  in  both  the  pore 
pressure  and  the  effective  stress,  and  also  by  a  change  in 
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A  Z 


Single  arrows  represent  a  stress  acting  on 
the  full  face  of  the  element 


Figure  2.1  -  Undrained  element  of  soil  - 
External  total  stresses  supported  internally 
by  an  effective  stress  and  a  pore  pressure. 
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the  volume  of  the  element.  It  will  be  desirable  to  describe 
this  behaviour  both  in  the  short  terra,  before  gas  exsolution 
processes  have  time  to  act,  and  in  the  long  term,  after  gas 
exsolution  is  complete.  (The  discussion  of  the  transient  or 
non-equilibrium  response  is  left  until  Chapter  5) . 

The  standard  soil  mechanics  terminology  will  be 
applied  in  describing  the  volume  and  weight  relationships  for 
this  element  of  soil  (Figure  2.2). 

First,  a  review  of  the  literature  on  the  strength  and 
volume  changes  in  unsaturated  soils  will  be  made.  This  will 
be  followed  by  a  brief  discussion  of  the  physical  laws 
governing  free  and  dissolved  gas  behaviour  and  how  this 
influences  the  compressibility  of  pore  fluids.  Fredlund 
(1973)  has  treated  this  subject  in  detail,  and  only  a  summary 
of  the  important  points  will  be  given  here.  The  implications 
of  such  undrained  behaviour  will  then  be  investigated  for  an 
element  of  gassy  soil. 

2.2  LITERATURE  REVIEW 

Engineers  have  long  appreciated  the  fact  that  in  the 
absence  of  drainage,  considerable  pore  pressures  may  develop 
in  compacted  earth  fills  and  dams.  The  soil  comprising  the 
fill  is  remolded  and  thus  unsaturated  due  to  its  initial 
excavation  and  handling.  The  magnitude  of  the  pore  pressure 
response  is  dependent  mainly  upon  the  degree  of  compaction, 
the  initial  water  content,  and  the  self-weight  of  the  soil. 
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Soil  volume  and  weight  relationships 
(after  NAVFAC  DM- 7,  1971) 
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Several  early  publications  from  the  U.S.  Bureau  of 
Reclamation,  appearing  in  the  II  International  Conference  on 
Soil  Mechanics  and  Foundation  Engineering,  (Hilf,  1948; 
Walker  and  Daehn,  1943),  emphasized  this  fact.  In 
particular,  Hilf  developed  an  expression  relating  pore  fluid 
pressure  after  compaction  to  initial  pressure,  volumes  of  air 
and  water,  Henryks  constant  for  solubility  of  a  gas  in  a 
liquid,  and  the  volume  change  in  the  soil.  These  ideas  were 
further  developed  by  Bishop  and  Eldin  (1950),  and  by  Bishop 
(1957)  ,  who  examined  the  influence  of  free  and  dissolved  gas 
on  pore  fluid  compressibility,  and  noted  that  "the  pore 
pressure  set  up  by  an  increase  in  total  stress  under 
undrained  conditions  is  a  function  of  the  relative 
compressibilities  of  the  soil  structure  and  of  the  fluid 
occupying  the  pore  space".  Bishop  also  derived  an  expression 
relating  change  in  pore  pressure  to  initial  pressure, 
saturation,  Henry's  constant,  porosity  and  volume  change.  He 
noted  that  this  relationship  was  only  valid  as  long  as  some 
free  gas  remained.  When  the  pore  fluid  became  saturated,  the 
fluid  compressibility  would  decrease  drastically  and  B, 
(=  Au/Ac) ,  would  approach  1. 

During  the  1960's,  a  number  of  researchers 
investigated  the  behaviour  of  unsaturated  soils,  working 
primarily  with  clays  having  small  air  saturations. 
Bishop  et  al.  (1960)  and  Bishop  &  Blight  (1963)  looked  at  the 
effective  shear  strength  of  partly  saturated  soils  and  were 
the  first  to  propose  a  modified  form  of  the  effective  stress 
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aquation,  incorporating  both  pore  air  and  water  pressures, 
and  later  to  use  two  separate  stress  state  variables, 

(J  ~  ua)  and  (ua  -  uw)  ,  In  the  same  period,  Jennings  & 
Burland  (1962),  Blight  (1965),  Burland  (1965),  Matyas  & 
Radhakrishna  (1963)  and  Barden  et  al.  (1969)  were  examining 
volume  changes  in  unsaturated  soil  and  proposing  the  use  of 
these  same  stress  variables.  Research  in  this  area 

culminated  in  extensive  PhD  theses  by  Fredlund  (1973) ,  and 
Verma  (1976)  ,  and  a  number  of  papers  elaborating  on  the 
volume  change,  strength  and  consolidation  of  unsaturated 
soils  followed:  Fredlund  (1976);  Fredlund  &  Morgenstern 
(1976);  Fredlund  &  Morgenstern  (1977);  Fredlund  (1978); 
Fredlund,  Morgenstern  &  Widger  (1978);  and  Fredlund  (1979). 

During  this  period,  a  significant  paper  was  given  by 
Schuurman  (.1966)  .  He  discussed  the  compressibility  of 
unsaturated  soils  (0.85  <  S  <  1.0)  containing  occluded  gas 
bubbles,  taking  into  account  the  difference  between  air  and 
water  pressure  due  to  surface  tension,  and  developed  an 
expression  both  for  fluid  compressibility  and  for  the  air  and 
water  pressures.  Fredlund  (1973)  questioned  the  validity  of 
Schuurman's  equation  because  he  (Fredlund)  felt  that  surface 
tension  effects  were  only  operative  in  the  presence  of  a 
solid,  and  that  therefore  the  pressure  in  an  occluded  gas 
bubble  would  be  equal  to  the  surrounding  liquid  pressure. 
Fredlund's  criticism  was  ill-founded.  Schuurman^s  ideas  were 
correct,  as  far  as  his  assumptions  allowed.  If  anything, 
they  needed  only  to  be  modified  to  reflect  real  gas  behaviour 


at  high  pressures  (Epstein,  1975),  and  to  incorporate 
concepts  of  critical  bubble  radius  (Mori  et  al.,  1977).  A 
discussion  of  these  ideas  will  be  postponed  until  the 
literature  review  in  Chapter  5. 

A  further  interesting  contribution  to  the  subject  of 
fluid  compressibility  in  unsaturated  soils  was  made  by  Black 
&  Lee  (1973) .  They  investigated  the  saturation  of  laboratory 
samples  by  back  pressure  and  presented  several  equations 
relating  saturation  to  the  pore  pressure  response  parameter 
3,  for  no  gas  solution  and  for  total  gas  solution.  However, 
they  were  more  interested  in  the  non-equilibrium  behaviour  of 
the  soil,  and  their  discussion  of  equilibrium  conditions 
offered  no  new  physical  hypotheses. 

An  excellent  review  of  the  development  of  the  concepts 
discussed  above  has  been  provided  by  Wood  (1979) . 

All  of  this  work  was  performed  as  part  of  an  ongoing 
research  effort  into  the  ecuilibrium  behaviour  of  unsaturated 

—  ..-a-,,——.  . . . .  -  -  - - - 

soils .  By  the  mid-1970^s,  both  the  laboratory  investigations 
and  the  theoretical  concepts  were  well  developed,  but  they 
had  only  been  applied  to  soils  with  small  amounts  of  gas 
dissolved  in  the  pore  fluid.  The  logical  extention  of  the 
concepts  to  gassy  soils  awaited  the  actual  observation  and 
recognition  of  these  soils  in  nature.  The  first  application 
was  made  by  Harris  &  Sobkowicz  (1977)  ,  who  investigated  the 
geotechnical  implications  of  such  behaviour.  They  gave  a 
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physical  rationale  for  the  behaviour  of  a  gassy  soil,  and 
extending  the  analytical  concepts,  developed: 

(a)  an  expression  for  the  compressibility  of  the  total 
pore  fluid  as  a  function  of  pressure  and  temperature, 
and 

(b)  a  closed  form  solution  relating  the  change  in  pore 
pressure  to  the  change  in- total  stress.  This  solution 
incorporated  a  linear  constitutive  relationship  for  the 
soil . 

Dusseauit  (1979)  also  investigated  ana  modelled  the 
equilibrium  behaviour  of  gassy  soils.  He  developed  a 
differential  equation  for  the  relationship  between  du/do,  and 
u  and  c,  incorporating  a  non-linear  constitutive  law,  which 
was  then  solved  by  a  finite  difference  technique.  As  will  be 
discussed  later,  there  is  a  distinct  advantage  to  retaining 
the  linear  form  of  the  constitutive  law  in  this  solution,  as 
the  concepts  may  be  applied  in  a  tractable  way  to  the 
transient  problem.  The  behaviour  of  non-linear  materials  may 
be  treated  by  a  step-wise  linear  analysis. 

2.3  BOYLES  &  HENRY'S  LAWS 

Pore  fluids  may  be  totally  miscible,  totally 
immiscible,  or  a  combination  of  the  two.  That  is,  if  several 
liquids  are  present,  they  may  form  a  complete  solution,  and 
act  as  one  liquid,  or  they  may  be  mutually  insoluble  (as  is 
the  case  for  water  and  bitumen  in  the  oilsanas) .  If  several 
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gases  are  present,  they  will  be  completely  miscible.  For 
simplicity,  in  this  thesis  we  will  deal  exclusively  with  the 
case  of  a  single  liquid  and  a  single  gas.  The  gas  will  be 
soluble  to  some  extent  in  the  liquid,  and  depending  upon  the 
weight  ratio  of  gas  to  liquid  in  a  soil  element  and  the  pore 
pressure,  there  may  or  may  not  be  any  free  gas  in  the  pores. 

If  the  pore  liquid  is  under saturated  or  just  saturated 
with  gas,  the  pore  fluid  compressibility  will  be  low  and 
close  to  the  compressibility  of  the  pure  liquid.  Fredlund 
(1973)  presented  some  experimental  data  which  confirmed  that 
the  dissolved  air  only  increased  the  fluid  compressibility 
slightly . 

However,  if  there  is  both  free  gas  and  liquid  present, 
the  pore  fluid  compressibility  may  be  much  higher  (by  several 
orders  of  magnitude)  ,  and  will  be  pressure  dependent..  If  the 
gas  and  liquid  are  immiscible,  the  physical  laws  governing 
compression  of  gas  will  determine  the  fluid  compressibility, 
whereas  if  the  gas  is  soluble  to  some  extent  in  the  liquid, 
the  fluid  compressibility  will  also  be  influenced  by  the 
solubility  relationship. 

The  two  physical  laws  governing  these  volume  and 
pressure  relationships  are  Boyle's  law  and  Henry's  law: 

(a)  Boyle's  law:  If  the  temperature  of  a  given  gas  is 

held  constant,  its  density  is  proportional  to  the 
absolute  pressure.  For  the  undrained  case,  where  the 
mass  of  gas  does  not  vary,  this  is  equivalent 
stating : 


to 
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P  *  V  =  k  (2.1) 

P=absolute  pressure,  V=volume,  k=constant, 

(b)  Henryks  law:  The  weight  of  gas  dissolved  in  a 
fixed  quantity  of  a  liquid,  at  constant  temperature,  is 
directly  proportional  to  the  absolute  pressure  of  the 
gas  above  the  solution.  This  may  also  be  worded  in 
another  way.  Suppose  there  is  a  fixed  quantity  of 
liquid  subjected  to  a  constant  temperature  and  to  a 
confining  pressure  P.  The  volume  of  dissolved  gas  is 
constant  when  the  volume  is  measured  at  P  (sec.  2.4.4). 

Vdg  =  H  *  vw  (2.2) 

=  volume  of  dissolved  gas,  Vw  =  Volume  of  water, 

H  =  Henry's  constant, 

Henry's  constant  varies  for  different  gas/liquid 
combinations.  For  air/water,  H  =  0.02;  for  C0o/Water, 
H  =  0.85;  for  methane/bitumen,  H  =  0.25. 

H  is  temperature  dependent,  and  over  a  wide  range  of 
pressures  is  also  pressure  dependent,  particularly  for 
natural  gases  in  hydrocarbons  (Burcik,  1956).  (Verma  (1976) 
discusses  the  possible  deviations  from  Henry's  law,  as  it 
applies  to  a  gas  in  a  free  liquid,  for  gases  and  liquids  in 
the  pore  space  of  a  soil.) 
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For  the  purposes  of  this  thesis, 
that  H  is  independent  of  pressure.  The 
temperature  for  both  C02  and  in  water 


it  will  be  assumed 
variation  of  H  with 

is  given  in  Figure 


2.3. 


2.4  COMPRESSIBILITY  OF  THE  PORE  FLUIDS 

Pore  fluid  compressibility,  gf,  is  defined  as  follows: 

3f  =  -1/Vf  *  dVf/dPf 

wnere  is  the  volume  of  the  pore  fluid  and  Pf  is  the 

absolute  pressure.  Assuming  that  Pr  -  =  pc  =  P/  then: 


3 f  =  -1/Vf  *  dVf/dP  (2.3) 

2.4.1  Compressibility  of  a  gas 

The  compressibility  of  a  gas  is  defined  as: 

0g  =  -1/Vg  *  dVg/dP  (2.4) 

But  from  Boyle^s  law, 

Vg  =  k/P 

dVg/dP  =  -k/P/N2 
Bg  =  -P/k  *  “k/?/'2  =  1/P 


(2.5) 
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Figure  2.3  -  Henry's  constant  vs  temperature  for  C0?  and  N'2 


TEMPERATURE  (DEG  C) 


It  is  also  useful  to  develop  the  finite  difference  form  of 
this  relationship,  from: 
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V2  =  pl*vl/p2 

Avg  =  V2  -  VX  =  VX  *  (P1/P2“l) 
AVg  =  Vx  *  (-AP)  /  (P+AP) 

3g  =  -l/vg  *  AVg/A?  =  1/ (P+AP) 


(2.6) 

(2.7) 


In  the  limit,  as  Ap  approaches  0,  e  approaches  1/P. 

2.4.2  Compressibility  of  a  pure  liquid 

The  compressibility  of  a  liquid  is  defined  as: 


eL  =  -1/VL  *  dVL/dP  (2.3) 

2.4.3  Compressibility  of  an  immiscible  gas/liquid  mixture 

In  a  similar  manner,  the  compressibility  of  an 
immiscible  gas/liquid  mixture  may  be  defined  as  follows: 

Bf  =  -1/Vf  *  dVf/dP  =  -1/Vf  *  d/dP(Vg+VL) 

=  -1/Vf  *  !-vg/p  -  vl*sl) 

=  (l-SJ/P  +  S*eL  (2.9) 

2.4.4  Compressibility  of  a  partly  miscible  gas/liquid  mixture 

This  relationship  may  be  conveniently  developed  as  a 
finite  difference  formulation.  Consider  first  the 
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compressibility  of  the  gas  due  to  free  gas  compression  and 
solution. L 

Let  the  initial  volumes  of  aas  and  water  in  an  element 


of  soil  be: 


V*°  and  V 
f  g  w 


Then  the  total  volume  of  free  and  dissolved  gas  is: 


H  *  V 

w 


It  will  be  assumed  that  the  compressibility  of  the  water  is 
small  enough  that  the  volume  of  water  can  be  considered 
constant  insofar  as  determining  the  amount  of  dissolved  gas 
is  concerned.  Fredlund  (1973)  demonstrates  that  Boyle's  law 
for  free  gas  and  Henry's  law  for  dissolved  gas  may  be 
combined  by  applying  Boyle's  law  to  the  total  volume  of  gas 
in  the  system,  both  free  and  dissolved.  Thus,  for  an 
increase  in  pressure  from  pQ  to'  pj_,  we  have: 

VmX  =  Vm°  *  pn/p-  =  (V^°  +  H*  V  )  *  p A/p. 

Tg  Tg  O'  *  1  '■vfg  w'  rl 


The  volume  of  dissolved  gas  is  still  H  *  V  (measured  now  at 

w  v 

the  total  weight  of  dissolved  gas  has  increased  according 
to  Henry's  law),  so  that  the  new  volume  of  free  gas  is: 

"^The  subscripts  f  g ,  dg,  and  Tg  will  be  used  throughout  the 
text  to  denote  free  gas,  dissolved  gas  and  total  gas 
respectively . 
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V 


1  _ 


V_ 


Tg 


-  V^1  =  (V.° 
dg  tg 


+  H*  V 


w' 


p0/pi  -  H*vw 


and  then 


AVfg  =  vfg  "  Vfg  =  <Vfg  +  H*v„)  *  (-IP)  /  (P0  +  Ap>  (2-10> 

and 

6g  =  -l/Vf°*AVfg/AP  =  (Vf°+H*Vw)/Vf°  *1/(P0+AP)  (2.11) 

Then 

3f  =  -1/Vf*  Vf/  P 

=  -1/Vf  *  !-(Vfg+H*Vw)/(p0+AP)  -  VL*  L} 

=  (1-3+S*H)/(?0  +  ap)  +  3*6!,  (2.12a) 

which,  in  the  limit  as  A?  approaches  0,  becomes: 

Bf  -  (1-S+S*H)/P  +  S*6L  (2.12b) 

2.5  THEORETICAL  PORE  PRESSURE  RESPONSE 

Let  us  return  to  consider  an  element  of  gassy  soil, 

(Figure  2.1).  With  an  application  of  a  change  in  total 

stress  Ac  on  the  boundaries  of  this  element,  what  will  be  the 

•*) 

change  in  the  pore  pressure,  Au,^  and  the  change  in  effective 
stress  A o'?  As  previously  noted  by  Bishop  (1957)  ,  the 


^Throughout  this  thesis,  a  differentiation  will  be  made 
between  the  gauge  pore  pressure,  u,  and  the  absolute  pore 
pressure,  P,  such  that: 

u  +  P  ,  , 

atmospheric 


P 
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magnitude  of  the  pore  pressure  response  will  depend  upon  the 


relative  values  of 

the 

pore  fluid 

and 

soil  skeleton 

compressibilities,  and 

may 

be  computed 

by 

invoking  strain 

compatibility  between 

the 

pore  volume 

and 

the  total  soil 

volume . 

The  response  of 

the 

soil  (skeleton 

and 

pore  fluid)  may 

be  physically  modelled  by  a  set  of  springs  as  illustrated  in 
Figure  2.4.  For  saturated  soils  with  no  dissolved  gas, 
<<  3*^3  30  that  for  all  practical  purposes  the  total 

stress  change  is  taken  up  wholly  in  the  pore  fluid.  For 
unsaturated  soils,  where  some  free  gas  is  present  but  where 
there  is  very  little  dissolved  gas,  0f  -  gTjr  and  the  change 

in  total  stress  is  roughly,  equally  distributed  between  the 

pore  fluid  and  the  soil  skeleton.  For  gassy  soils,  however, 
not  only  is  the  saturation  less  than  1,  but  there  is  a  large 
volume  of  gas  dissolved  in  the  pore  liquids,  so  that  with 

decreasing  ,  3  -  >>  3 T .  The  total  stress  change  is  almost 

entirely  taken  up  in  the  soil  skeleton  and  the  pore  pressure 
change  is  very  small.  This  phenomenon  will  be  examined 
quantitatively  in  the  next  section. 

Harris  St  Sobkowicz  (1377)  developed  a  closed-form 
solution  for  Au  in  terms  of  Aa  and  AT,  assuming  a  linear 

constitutive  relationship  for  the  soil  skeleton.  The 
temperature-independent  solution  is  elaborated  below,  (notice 
that  finite  differences  are  used  in  this  analysis) . 

3 

3  m  is  the  compressibility  of  the  soil  skeleton,  i.e.  the 
compressibility  "of  the  soil  in  the  totally  drained  mode. 


o 


o  +  Ao 


Ao  =  Aa/jr  Au 


AV  =  f{Ao, 


Figure  2.4  -  Spring  analogy  for  unsaturated  soils 

(After  Dusseault,  1979) 
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Consider  again  the  element  of  gassy  soil  (Figure  2.1) 
subjected  to  a  change  in  total  stress  Act  ,  If  we  allow  that 
there  will  be  a  corresponding  change  in  pore  pressure  Au  and 
in  effective  stress  Aa",  then  we  have  that: 

Aa  =  Au  +  Aa "  (2.13) 

The  relationship  between  Au  and  Aa  may  be  developed  by 
examining  the  volume  changes  in  each  of  the  phases. 

From  equation  2.10: 

AVfg  =  (Vfg+H*vL)*(-AP)/(P0+AP) 

=  (Vfg+H*VL) * (-Au)/(u0+Pa+Au) 


and  from  equation  2.8, 

AV  =  -3  *  vT  *  Au  (2.8b) 

Ij  u 

If  we  define  an  overall  element  compressibility  gT  (soil 
skeleton  compressibility)  such  that: 

6t  =  -1/VT  *  dVT/da"  (2.14a) 

then 

A  =  “g  r£  *  Vrp  *  A  a 


(2.14b) 


Substituting  for  Ao> 


from  equation  2.13, 


AVT  =  *  vt  *  (Aa  -  Au)  (2.14c) 

But  for  compatibility  of  volume  change,  (assuming  the  volume 
change  of  the  solid  particles  is  negligible) , 

AVt  =  AVf  =  AVl  +  AVg  (2.15c) 

such  that 


(Ag-Au)  =  -3L*VL*Au-Au*(Vfg+H*VL) /(u0+Pa+Au)  (2.15a) 

Rearranging,  a  quadratic  equation  is  found  for  Au, 

A  *  Au2  +  3*Au-t-C  =  0  (2.15b) 

where 

A  —  3  rn  +  n  *  S  *  3  £, 

B  =  3t  *  ( P q -A g  )  +  n*  (3l*S*P0+1-S+S*H) 
c  =  “ 3t  *  Ag  *  Pq 

and  n,  S  and  are  initial  values  taken  at  the  beginning  of 
the  stress  increment.  This  solution  assumes  that  the  element 
is  at  equilibrium  both  before  and  after  the  stress  change  is 
applied,  and  is  an  exact  solution  as  long  as  3^  =  constant. 
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A  modified  solution  to  account  for  disequilibr ium  at  the 
beginning  of  the  stress  increment  will  be  presented  in 
Chapter  4,  during  the  evaluation  of  the  laboratory  tests. 

Thus  a  closed  form  solution  for  £u  has  been  found 
which  is  dependent  only  on  the  total  stress  change  on  the 
element,  the  soil  skeleton  and  liquid  compressibilities,  the 
initial  element  porosity  and  saturation,  the  initial  absolute 
pore  pressure  and  the  solubility  (Henryks)  constant  for  the 
gas  in  the  liquid. 

The  behaviour  of  this  gassy  element  of  soil  subjected 
to  a  decreasing  total  stress  path  will  be  examined  in  the 
following  section. 


2.6  EQUILIBRIUM  UNDRAINED  PORE  PRESSURE  RESPONSE 

Harris  &  Sobkowicz  (1977)  examined  the  behaviour  of  a 
foundation  on  a  gassy  soil  during  excavation  and  reloading, 
and  the  response  of  a  tunnel  excavated  in  the  same  material. 
Dusseault  (1979)  investigated  the  pore  pressure  response  and 
volume  change  in  an  element  of  gassy  soil  upon  total  stress 
unloading  from  initial  conditions  of  S  <  1,  i.e.  for  a  sample 
whose  pore  fluid  was  initially  saturated  with  gas  and  in 
which  there  was  also  some  free  gas  in  the  pore  space. 

However,  the  pore  fluid  of  many  gassy  soils  is 
under saturated  (with  gas)  insitu.  It  is  instructive,  in 
considering  the  total  response  of  such  soils,  to  investigate 


the  undrained  equilibrium  behaviour  of  a  soil  element  when  it 
is  initially  saturated  with  water,  and  when  the  pore  liquid 


The  soil  element 
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is  under  saturated  with  respect  to  gas.  The  soil  element 
illustrated  in  Figure  2,1  will  be  used,  and  subjected  to  a 
continually  decreasing  total  isotropic  stress  along  its 
boundaries.  Initial  soil  properties  are  shown  on  Figure  2.1 
and  are  representative  of  one  of  the  laboratory  tests,  which 
will  be  discussed  in  more  detail  in  Chapter  4.  The  analysis 
will  use  the  theoretical  relationships  established  in  section 
2.5,  but  will  assume  the  soil  is  non-linear  elastic,  the  void 
ratio  (e)  being  a  linear  function  of  log  a'.  The  analysis  is 
made  with  step  decrements  in  a  of  arbritrary  size.  For 
each  Act  there  is  an  iteration  for  Au,  due  to  the  fact 


that  sT  is 

a  function 

of 

Au,  but  is 

also 

a  term  in  equation 

2.15. 

Two 

responses 

of 

the  soil 

will 

be  examined,  the 

immediate 

(short  term) 

and  the  ionq 

term 

ones.  Immediately 

after  the  step  decrease  in  total  stress  is  applied  to  the 
soil  element,  there  will  be  some  change  in  pore  pressure  and 
in  effective  stress.  The  fluid  compressibility  will  be 
influenced  by  the  compressibility  of  the  free  gas,  but  not  by 
any  gas  exsolution.  Strictly  speaking  this  is  not  an 
equilibrium  response  for  the  soil  unless  the  gas  is  totally 
insoluble  in  the  pore  liquid  (H  =  0)  ,  but  even  for  partly 
miscible  fluids  it  is  worthwhile  examining  this  behaviour  as 
it  is  observable  in  the  laboratory  and  in  the  field.  The 
true  equilibrium  response  of  the  soil  is  that  behaviour 
observed  after  all  gas  exsolution  has  been  completed. 


In 


summary , 


the  theoretical  undrained  pore  pressure 


response  of  a  soil  element,  subjected  to  a  number  of  step 

decreases  in  total  stress,  will  be  predicted.  For  each 
decrement,  both  the  short  and  long  term  behaviour  will  be 
calculated  before  the  next  decrease  in  total  stress  is 

applied . 

The  response  of  the  soil  is  summarized  in  Table  2.1 
and  presented  graphically  in  Figure  2.5.  Starting  with  an 

initial  total  stress  of  1600  KPa  and  a  pore  pressure  of  350 

K?a  (Figure  2,5,  Graph  A),  the  pore  liquid  is  under saturated 

with  gas  =  550  KPa)  .  Small  decreases  in  total  stress 

produce  nearly  equivalent  decreases  in  pore  pressure,  since 

$L  <<  ,  and  thus  3  =  hu/Aa  ▼  1.  As  soon  as  the  pore 
pressure  drops  below  650  KPa,  however,  several  changes  in 

behaviour  may  be  observed: 

(a)  Gas  begins  to  exsolve  and  thus  the  saturation  of 
the  element  decreases. 

(b)  With  decreasing  saturation,  the  immediate  pore 
pressure  response  becomes  less  than  the  change  in  total 
stress,  i.e.  B  <  1.  This  is  due  to  increasing  fluid 
compressibility.  Note  however  that  there  is  a  limiting 

value  for  Bat,  below  which  it  will  not  drop.  With 
continued  decreasing  saturation,  increases  because 

lu  is  approaching  zero. 

(c)  Initially,  o'  is  quite  high  and  thus  is  low. 
For  equilibrium  at  the  end  of  a  time  interval 
associated  with  one  total  stress  decrement,  P  ?  pi/q. 
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TABLE  2.1 


THEORETICAL  UNDRAINED  EQUILIBRIUM  PORE  PRESSURE  RESPONSE 
FOR  AN  ELEMENT  OF  GASSY  SOIL  SUBJECTED  TO  AN 
ISOTROPIC  TOTAL  STRESS  DECREASE  ON  ITS  BOUNDARY 
(H  =  0.86,  C  =  0.0073) 


STEP 

NO. 

Aust 

3st 

AU 

LT 

blt 

N  * 
end 

0 

.3228 

1 

-95.2 

-.82 

.3230 

2 

-84.68 

-.96 

.3232 

3 

-77.76 

-1.14 

.3235 

4 

-73.71 

-1.41 

.3239 

5 

-70.92 

-1.86 

.3244 

6 

-70.61 

n  ~7  i 
—  Z  .  /  Z 

.3250 

7 

-74.25 

-5.14 

.3263 

7a 

Ag=-50 

-40.89 

—6 . 46 

.32739 

7  b 

Aa=-  20 

-18.13 

-5.78 

.32944 

7c 

Ao=-5 

-4.78 

-2.43 

.33006 

7d 

-3 . 88 

-2.37 

.33067 

-4 

(.969) 

(.593) 

-3 

-2.93 

(.978) 

-2.05 

(.683) 

.33120 

-2 

-1.97 

-1.49 

.33159 

-1.55 

-1.53 

(.987) 

-1.22 

(.790) 

.33192 

3  end 

U  , 
end 

G 

a' 

end 

100.0 

652.34 

1403.31 

750.97 

99.91 

651.51 

1303.31 

651.79 

99.30 

650.56 

1203.31 

552 .75 

99.67 
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TOTAL'  STRESS  (KPa) 

(for  initial  soil  conditions,  see  Table  2.1) 

Figure  2.5  -  Theoretical  undrained  equilibrium  pore  pressure  response 

Gassy  Soil 


SATURATION 
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Because  the  soil  is  so  stiff,  and  because  there  is  so 

much  gas  in  solution,  relatively  little  gas  need  be 

generated  to  maintain  high  pore  pressures  (Graph  A)  . 

Thus  is  close  to  zero.  As  o'  decreases,  however, 

Brp  increases  and  thus  greater  volumes  of  gas  must  be 

generated  to  achieve  equilibrium.  As  a  consequence,  P 

decreases  slowly  to  a  value  slightly  less  than  P-,  , 

1/  g  * 

(d)  For  a  real  soil,  a '  at  some  point  reduces  to  zero , 
since  a  is  decreasing  but  u  is  not.  For  this  example, 
this  occurs  when  -  u  =  5QO  KPa.  Any  further 
decrease  in  will  produce  an  equivalent  decrease  in 

a,  nence  =  3^  =  ]_#  significantly  larger  volumes 

of  gas  will  be  produced  in  the  soil  element,  leading  to 
a  disruption  of  the  soil  skeleton  and  eventual  venting 
of  the  gas. 

The  analysis  described  above  was  coded  for  a  hand-held 
computer  in  BASIC.  The  program  is  located  in  Appendix  A. 


2.7  UNSATURATED  OR  GASSY? 

A  correct  understanding  of  the  ideas  discussed  in  this 
chapter  is  crucial  to  the  recognition  of  the  peculiar 
behaviour  of  a  gassy  soil.  It  must  be  understood  that  this 
behaviour  is  attributable  to  large  volumes  of  gas  dissolved 
in  the  pore  fluid.  It  may  be  argued  that  the  distinction 
between  an  unsaturated  and  a  gassy  soil  is  one  of  degree,  and 
that  the  transition  between  the  two  is  gradational.  However, 
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the  concept  unifying  the  two,  i.e.  the  solubility  of  the  pore 
gas  in  the  pore  liquid,  is  for  a  particular  soil  and  a 
particular  problem,  unique.  The  soil  behaviour  usually 
conforms  to  one  of  the  two  categories.  It  is  thus  useful  to 
consider  the  extremes  of  behaviour,  and  to  make  the 
distinction  between  two  different  types  of  soil. 

For  example,  consider  Table  2.2  and  Figure  2.6,  which 
illustrate  the  response  of  an  unsaturated  soil  (H  =  0.02, 
typical  of  air  in  water)  given  the  same  initial  conditions  as 
for  the  previous  analysis.  Recalling  from  Bishop  that  the 
pore  pressure  response  is  a  function  of  the  relative 
compressibilities  of  the  pore  fluid  and  the  soil  skeleton, 
and  examining  equation  2.15,  it  is  clear  that  the  distinction 
between  gassy  and  unsaturated  soil  is  intensified  not  only  by 
a  higher  fluid  compressibility  but  also  a  lower  soil  skeleton 
compressibility  in  the  gassy  soil.  Thus  the  example  in 
Figure  2.6  also  uses  a  relatively  high  compression  index  (and 
porosity) ,  representative  of  a  clay  soil. 

Figure  2.6  illustrates  the  behaviour  that  is  normally 
associated  with  an  unsaturated  soil,  (e.g.  Skempton,  1954), 
and  which  may  be  contrasted  with  gassy  soil  behaviour  in 
Figure  2.5.  The  soil  element  is  initially  completely 
saturated  at  a  total  stress  of  1600  KPa  and  a  pore  pressure 
of  350  KPa,  and  behaves  that  way  under  decreasing  total 

stress  (B  =  1)  until  P  =  ?]_g.  At  this  point,  gas  begins  to 
exsolve  from  the  pore  fluid  and  the  soil  becomes  unsaturated. 
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TABLE  2 . 2 

THEORETICAL  UNDRAINED  EQUILIBRIUM  PORE  PRESSURE  RESPONSE 

FOR  AN  ELEMENT  OF  UNSATURATED  SOIL  SUBJECTED  TO  AN 

ISOTROPIC  TOTAL  STRESS  DECRESE  ON  ITS  BOUNDARY 

(H  =  0.02,  C  =  0.47) 

C 


Au  m 

ST 

AU 

LT 

N 

S 

U 

a 

G' 

.4300 

100.0 

652.34 

1403.31 

750.97 

-99.88 

-99.20 

.4307 

99.72 

560.14 

1303.31 

743.17 

-98.53 

-90.07 

.43158 
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-96 . 36 
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.4438 

94.55 

96.50 

703.31 
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.4495 

92.37 
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-14.54 
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.4784 

82.28 

-35.49 

303.31 
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-17.13 
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.4937 
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-51.72 

203.31 

255.03 

-13.76 

-13.19 
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Figure  2.6  -  Theoretical  undrained  equilibrium  pore  pressure  response 

Unsaturated  Soil 


SATURATION 
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However,  because  the  soil  skeleton  is  quite  compressible,  and 
because  there  is  not  much  gas  in  solution,  the  pore  fluid 
compressibility  does  not  increase  too  drastically  and  remains 
of  the  same  order  of  magnitude  as  $T.  with  decreasing  total 
stress  and  saturation,  Bst  and  BLt  gradually  decrease  from  1 
and  become  asymptotic  to  a  value  close  to  0 ,  (0.15  in  this 

case)  .  Note  that  3  does  not  level  out  and  then  increase  at 
lower  total  stresses,  as  in  the  gassy  case.  This  is  because 
remains  greater  than  zero.  During  the  unloading  process, 
the  pore  pressure  decreases  montonicaliy ,  becoming  negative 
at  some  point,  (for  this  example,  when  =  450  KFa)  ,  and 

becoming  asymptotic  to  a  value  of  G  atmosphere  absolute  or  -1 
atmosphere  gauge. 

There  are  some  important  differences,  then,  between 
the  gassy  and  the  unsaturated  soil  behaviour.  For  decreasing 
total  stress, 


(a)  Bst.  and  Br_t  monotonically  decrease  for  the 
unsaturated  soil,  whereas  for  the  gassy  soil,  they 

decrease,  level  off,  then  increase  back  to  a  value  of 

1. 


(b)  The  pore  pressure  decreases  monotonically  and  often 
becomes  negative  for  an  unsaturated  soil,  whereas  for  a 
gassy  soil,  it  levels  off  at  a  value  close  to  and 
only  begins  to  decrease  when  the  effective  stress 
approaches  0 . 
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(c)  Effective  stress  remains  positive  for  an 
unsaturated  soil,  and  oftentimes  is  larger  than  the 
total  stress  at  the  end  of  the  unloading  sequence.  For 
a  gassy  soil,  the  effective  stress  reduces  to  zero  at 
an  intermediate  point  in  the  unloading  process,  when 
a  >  0  and  u  =  c.  Any  further  unloading  causes  the 
generation  of  large  volumes  of  gas  and  a  disruption  of 
the  soil  structure. 

(d)  Saturation  decreases  monotonically  for  both  soils, 
but  at  a  quicker  rate  for  the  unsaturated  soil.  This 
is  mainly  a  function  of  the  higher  soil  compressibility 
used  for  the  unsaturated  soil. 


It  is  tempting  to  try  to  develop  an  analytical 
expression  which  would  define  the  boundary  between  gassy  and 
undersaturated  soils,  perhaps  in  terms  of  the  gas  solubility 
constant,  H,  and  the  soil  compressibility  3  or  compression 

index  Cc.  An  examination  of  Figure  2.7  will  illustrate  that 
this  is  a  futile  endeavor,  however.  This  figure  demonstrates 
diagramaticaily  the  relationship  between  the  two  types  of 
soil  behaviour,  and  the  location  of  their  mutual  boundary. 
It  is  evident  that  the  soil  resoonse  for  behaviour  near  the 


transition  zone  is  not  just 


function  of  the 


compressibilities  3T  and  3f  ,  and  thus  also  of  Cc ,  3L  ,  and 
H,  but  is  also  a  function  of  the  insitu  state  of  stress  Oq 
and  uQ ,  and  of  the  liquid/gas  saturation  pressure  P]_/r-*  The 
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LEGEND 

A  -  Response  of  totally  saturated  soil 
B,C  -  Possible  responses  for  gassy  soil 
D  -  Boundary  between  gassy  and  unsaturated  soil 
S,F  -  Possible  responses  for  unsaturated  soil 
G  -  Soil  response  if  B  =  1 


Figure  2.7  -  Relationship  between  gassy  and  unsaturated  soil  behaviour 
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exact  u  -  a  stress  path  followed  by  an  element  of  soil  on 
unloading  is  a  complex  function  of  these  variables  and  may 
only  be  defined  analytically  in  a  step-wise  manner.  Thus 
there  is  no  simple  analytical  expression  defining  the 
boundary  between  the  two  types  of  soil  behaviour. 

2.3  SUMMARY 

This  chapter  has  defined  the  general  behaviour  of 
unsaturated  and  gassy  soils,  discussing  the  distinction  to  be 
made  between  the  two  classes  in  terms  of  undrained 
pore-pressure  response.  A  review  of  the  concepts  and 
analytical  work  on  unsaturated  soil  has  been  presented.  This 
was  followed  by  a  discussion  of  the  physical  laws  governing 
gas  expansion  and  exsolution,  followed  by  a  derivation  of  the 
expressions  for  compressibility  of  each  of  the  phases  in  an 
element  of  unsaturated  soil.  The  theoretical  pore  pressure 
response  for  an  undrained  element  of  soil  was  then  derived 
for  decreasing  total  stress  on  the  element  boundary,  and  this 
behaviour  was  examined  and  compared  for  both  the  unsaturated 
and  gassy  soil. 


CHAPTER  3 


THE  LABORATORY  INVESTIGATION 


3.1  GENERAL 

The  laboratory  investigation  formed  an  essential  part 
of  the  study  of  the  behaviour  of  gassy  soils,  both  in 
confirming  and  extending  currently  understood  theory,  and  in 
providing  hypotheses  for  the  development  of  new  theory. 
Several  objectives  were  set  at  the  beginning  of  the 
investigation  to  provide  an  overall  and  continuing 
perspective  to  the  work: 

(a)  The  first  objective  was  to  demonstrate  the 
equilibrium  behaviour  of  gassy  soils  in  the  laboratory, 
and  to  verify  that  the  predictive  models  developed 
(Section  2.5)  were  quantitatively  accurate. 

(b)  The  second  objective  was  to  observe  the  transient, 
or  non-equilibrium  behaviour  of  a  gassy  soil,  and  to 
determine  what  initial  soil  conditions  or  boundary 
conditions  had  an  influence  on  this  behaviour. 

(c)  It  was  planned  to  initially  follow  a  simple 
isotropic  stress  path  using  undrained  boundary 
conditions  so  that  there  were  as  few  variables 
complicating  the  soil  response  as  possible.  As  this 
simple  response  was  defined,  other  undrained  stress 
paths  were  also  envisioned,  for  example,  a  constant 
ratio  of  effective  principal  stresses  a'/c'f  and 
several  stress  paths  to  failure.  It  was  recognized 
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that  for  the  theoretical  work 
soils  to  proceed,  the  drained 
sample  would  also  have  to  be 
which  this  was  achieved  was 
certainly  propitious,  as  will 


on  consolidation  in  gassy 
behaviour  of  a  laboratory 
observed.  The  manner  in 
somewhat  fortuitous,  and 
be  discussed  in  section 


3.4. 


(d)  It  was  desirable,  in  addition  to  observing  the 
gassy  soil  behaviour,  to  determine  if  the  exsolution 
process  itself  had  any  direct  influence  on  the  strength 
or  stress-strain  response  of  the  soil.  As  discussed  in 
section  2.6,  an  undrained  test  on  a  gassy  soil  is  very 
similar  to  a  drained  test  on  a  saturated  soil,  at  least 
during  the  initial  stages  of  unloading,  (i.e.  pore 
pressure  approximately  constant,  soil  volume  change 
responding  to  changes  in  effective  stress) .  Thus 
conventional  drained  tests  were  planned  for  saturated 
soils  using  similar  initial  conditions  and  stress 
paths,  to  establish  this  fact. 

The  choice  of  soil  materials  for  the  test  was  made 
mainly  by  considering  the  observed  natural  soils  exhibiting 
gassy  behaviour  (Section  1.2),  and  also  partly  on  the  basis 
of  testing  convenience.  The  dense  nature  (and  low 
compressibility)  of  the  Athabasca  oilsands  could  be  modelled 
well  by  densely  compacted  cohesionless  samples  in  the 
laboratory.  Using  a  reasonably  permeable  cohesionless 
material  ensured  ease  of  proper  pore  pressure  measurements 
during  the  undrained  tests.  Good  sample  permeability  was 
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also  important  in  the  initial  stages  of  each  test  to  first 
allow  total  saturation  of  the  pore  space  with  water,  and  then 
later  total  saturation  with  water  and  dissolved  gas. 

A  large  volume  of  dissolved  gas  in  the  pore  fluid 
could  be  achieved  by  either  using  high  pore  pressures  and  a 
gas  with  low  to  moderate  solubility,  or  low  pore  pressures 
and  a  highly  soluble  gas.  Since  the  combination  of  water  and 
carbon  dioxide  gas  had  been  encountered  at  Alto  Lazio,  Italy, 
it  was  decided  to  use  this  combination  of  pore  fluids.  They 
had  the  advantages  of  being  non-corrosive,  easy  to  handle, 
easy  to  control  during  sample  preparation,  and  CO^  had  a  high 
solubility  in  water  which  permitted  working  at  low  test 
pressures . 


3.2  CONSIDERATIONS  FOR  THE  DESIGN  OF  TEST  EQUIPMENT 

Experimental  work  on  the  behaviour  of  unsaturated  soil 
was  pursued  quite  intensively  during  the  1960^3  and  early 
1970*’s.  Fredlund  (1973)  reviews  the  experimental  aspects  of 
this  work  in  detail.  Particular  attributes  of  previous 
workers'*  equipment  that  have  proven  useful  in  the  study  of 
gassy  soils  will  be  discussed  in  the  following  section. 

Before  doing  this,  however,  it  is  worthwhile 
considering  several  general  problems  which  were  encountered 
in  the  design  of  the  laboratory  equipment.  Two 
characteristics  of  gassy  soils  provide  special  design 
consideration : 


(a)  low  skeleton  compressibility,  and 

(b)  large  volumes  of  gas  in  the  sample 

The  low  soil  skeleton  compressibility  results  in 

extremely  small  strains  and  volume  changes,  with  changes  in 
stress,  A  typical,  densely  packed  sand  has  a  volumetric 
compressibility  of  5  to  10  *  10~5  K?a-i  in  the  100  to  500  KPa 
stress  range,  Dusseault  (1979)  reported  compressibilities  as 
low  as  0.1  to  1  *  10“^  Kpa-i-  for  "locked"  sands,  (i.e.  sands 
with  an  insitu  relative  density  much  greater  than  100%)  , 

which  is  nearly  equivalent  to  the  compressibility  of  pure 
water.  The  desire  to  test  dense  materials  in  the  laboratory 
exists  because  of  a  need  to  further  exacerbate  the  gassy  soil 
behaviour,  but  it  must  be  tempered  by  an  ability  to 

accurately  measure  small  sample  strains. 

The  large  volumes  of  gas  to  be  initially  dissolved  in 
the  pore  fluid  present  several  problems: 

(a)  How  is  this  fluid  brought  into  the  soil  in  a 
controlled  fashion? 

(b)  How  is  the  gas  confined  to  the  sample? 

(c)  What  influence  will  gas  leakage  or  diffusion  have 

on  the  measurement  of  pore  pressures  and  volume 

changes? 

3.3  DEVELOPMENT  OF  EQUIPMENT 

All  of  the  laboratory  tests  were  performed  in  a 
triaxial  cell,  with  several  modifications,  as  described  in 
the  following  sections. 
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3,3.1  Membrane  &  cell  fluid  considerations 

It  is  difficult  to  separate  the  design  considerations 
for  the  membrane  and  cell  fluid  from  those  for  measuring 
volume  change,  because  the  two  are  so  interdependent. 
However,  because  of  gas-diffusion  restrictions,  the  choice  of 
membrane  and  cell  fluid  is  the  more  important  one. 

A  typical  laboratory  sample  held  1100  cc  of  gas, 
(measured  at  1  atmosphere  pressure) ,  dissolved  in  250  cc  of 

pore  liquid,  (S  =  1,  p^^q  =  510  KPa) .  A  correct  observation 
of  undrained  soil  response  required  containing  this  gas  in 
the  soil  for  the  duration  of  a  test,  which  was  several  days 
to  1  week.  Because  of  high  differences  in  dissolved  gas 
concentration  between  the  pore  liquid  and  the  cell  liquid, 
however,  there  was  a  tendency  for  gas  to  diffuse  out  of  the 
soil  sample,  through  the  membrane  and  into  the  cell. 

Limiting  diffusion 

This  diffusion  process  can  be  limited  in  one  of  two 

ways : 

(a)  by  providing  a  membrane  that  is  nearly  impermeable 
to  the  gas,  i.e.  one  that  has  a  low  diffusivity 
coefficient,  or 

(b)  by  surrounding  the  membrane  with  a  liquid  in  which 
the  gas  has  a  low  solubility.  Even  if  the  gas  can 
diffuse  quickly  through  the  membrane  and  possibly  also 
through  the  cell  liquid,  the  mass  transfer  process  will 
stop  when  the  cell  liquid  becomes  saturated  with  gas. 
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Izydorczyk  et.al.  (1977)  discuss  the  diffusion  of  C00 
gas  through  thin  polymer  membranes  into  a  closed  volume 
of  liquid,  and  present  a  solution  (after  Holstein, 
1951)  showing  that  the  time  rate  of  change  of  C00 
concentration  on.  the  liquid  side  of  the  membrane 
becomes  asymptotic  to  zero  at  infinite  time. 

If  there  are  free  gas  bubbles  in  the  cell  liquid, 
(as  may  occur  in  later  stages  of  an  incremental 
unloading  test) ,  the  argument  is  slightly  more  complex 
but  the  conclusions  are  the  same.  There  is  still  a 
stable  equilibrium  volume  of  gas  that  can  exist  both  in 
the  free  and  dissolved  states  in  the  cell  liquid,  and 
hence  there  is  a  limit  to  the  amount  of  gas  that  can  be 
lost  from  the  sample.  The  rate  of  diffusion  of  gas 
through  the  membrane  is  then  limited  both  by  the  gases'' 
solubility  and  its  diffusivity  character istics  in  the 
cell  liquid.  (Diffusion  of  gas  through  liquids  and 
into  bubbles  is  discussed  further  in  Chapter  5) . 

Bishop  and  Donald  (1961)  and  Frealund  (1973)  both  used 
method  b)  to  prevent  gas  diffusion.  They  constructed  a 
triaxial  cell  which  had  a  double  perspex  wall.  The  inner 
wall  contained  a  volume  of  mercury,  which  surrounded  the 
sample  and  prevented  gas  diffusion  through  the  membrane.  The 
mercury  was  initially  placed  to  a  level  just  above  the  top 
cap  on  the  sample,  and  the  remaining  cell  volume  was  filled 
with  water.  Sample  volume  changes  were  monitored  by 
measuring  the  vertical  displacement  of  a  steel  ball  floating 
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on  the  surface  of  the  mercury  with  a  cathetome ter .  Dunn 
(1964)  employed  method  a)  to  prevent  gas  diffusion,  using  a 
double  latex  rubber  membrane,  with  two  sheets  of  slotted 
aluminum  foil  sandwiched  between  them,  and  lubricated  with 
silicone  grease. 


Secondary  design  requirements 

Besides  preventing  loss  of  gas  from  the  sample,  the 
membrane  and  ceil  fluid  have  several  other  design 
requirements : 

(a)  The  membrane  should  be  as  thin  as  possible  to 
minimize  error  in  measuring  the  lateral  strain,  if  a 
direct  contact  strain  indicator  is  used.  If  volumetric 
and  vertical  strains  only  are  measured,  this 
requirement  is  not  as  stringent.  In  fact,  the  membrane 
then  needs  some  ability  to  resist  penetration  of  the 
pore  spaces  at  the  boundary  of  the  soil  sample  (under 
high  cell  pressures)  to  minimize  errors  in  the  volume 
change  readings. 

(b)  The  membrane  should  be  stretchable.  During  the 
early  portions  of  an  undrained  test,  the  lateral  and 
axial  strains  are  small,  but  as  a'  approaches  zero  (or 
the  sample  approaches  failure)  strains  of  10  to  15%  may 
occur . 

(c)  The  membrane  must  resist  being  punctured  by  the 
soil  grains  at  higher  cell  pressures. 


the 
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(d)  The  cell  fluid  should  be  non-conduct ive ,  in 
event  that  any  strain-measuring  transducers  are  u 
inside  the  cell. 

(e)  It  is  also  preferrable  that  the  cell  fluid 
non-corrosive  to  any  of  the  materials  comprising 
interior  of  the  cell  and  the  transducers,  that  it 
safe  to  work  with  (non-volatile,  non-toxic),  and 
easy  to  handle  during  sample  preparation. 
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be 

the 

be 

be 


The  search  for  an  acceptable  membr ane/cell  fluid  combination 

..  ... -  ■  . . -  - - - -  - - - -  ■  —  ..... - Tit - - - - - - - . . . . 

A  study  of  the  literature  on  membrane  science 
(e.g.  Izydorczyk  et.al.,  1977)  provided  some  information  on 
the  relative  "permeability"  characteristics  of  various 

membranes  to  CO^  gas,  but  it  was  clear  to  the  author  that  an 
acceptable  combination  of  membrane  and  cell  liquid  would  have 
to  be  found  by  direct  testing  in  the  laboratory.  A  tentative 
decision  had  been  made  to  utilize  direct  contact  transducers 
inside  the  cell  for  measuring  lateral  and  axial  deformations 
(see  section  3.3.3  following)  so  that,  because  of  its 
electrical  conductivity,  the  use  of  mercury  as  a  cell  fluid 
was  not  feasible.  Mercury  is  not  an  ideal  cell  fluid, 
(independent  of  its  electrical  properties),  as  it  is 
corrosive  to  aluminum,  difficult  to  handle  properly,  and 
potentially  dangerous  to  health  if  used  over  extended  periods 
of  time  in  the  laboratory. 


5 


The  search  for  an  acceptable  membrane/cell  fluid 
combination  then  proceeded  in  both  directions  mentioned 
previously.  The  work  by  Dunn (1964)  suggested  several 
modifications  that  could  be  made  to  the  standard  latex 
membrane  to  restrict  gas  diffusion.  A  thin  film  of  known  low 
diffusivity  material  could  be  used  between  two  latex 
membranes,  although  it  was  thought  that  this  material  would 
need  to  be  continuous  and  properly  sealed,  both  at  its 
overlapping  section  and  at  the  end  caps.  Several  possible 
materials  were  aluminum  foil,  polyethylene,  and  mylar.  This 
arrangement  would  have  the  disadvantage  of  drastically 
reducing  membrane  stretchability ,  and  thus  would  probably 
only  be  useful  during  the  early  stages  of  testing.  Some 
volume  change  could  be  accommodated  by  the  movement  of  the 
film  at  its  overlapping  section  if  this  were  properly 

lubricated,  but  the  seal  at  each  end  cap  would  restrict  this 
movement,  and  it  was  not  likely  that  movement  along  the 
overlap  was  compatible  with  the  objective  of  preventing  gas 
diffusion . 

Law  (1975)  discusses  the  use  of  1/32"  thick  neoprene 
membranes  to  prevent  diffusion  of  air,  which  suggested  the 
testing  of  other  rubber-like  materials  for  fabrication  of  a 
membrane.  It  was  discovered  that  the  physical 

characteristics  necessary  to  inhibit  gas  diffusion  also 
resulted  in  a  less  stretchable  membrane,  although  this  was 
not  as  serious  a  restriction  as  with  the  use  of  foil  or 


plastic  films. 


Two  such  membranes  were 


tested  for  use,  a 
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1  mm  thick  neoprene  membrane  used  by  Sterne  (1981)  for  hollow 
cylinder  tests  on  oilsands  at  the  University  of  Alberta,  and 
a  1.5  mm  thick  butyl  rubber  membrane,  (fabricated  from  a 
large  tractor  tire  inner  tube) . 


During  this  same 

period,  several 

cell 

fluids 

were 

tested  for  their  ability 

to  inhibit  gas 

diffusion. 

Both 

water  and  mercury  were 

unacceptable 

because 

of 

their 

electrical  conductivity.  Law  (1975)  mentions  the  use  of  a 
non-conductive  hydraulic  fluid,  and  the  use  of  non-conduc tive 
oils  manufactured  for  cooling  transformers  was  also  a 
possibility.  The  author  had  previously  had  experience  in  the 
use  of  a  non-conductive,  chemically  stable  fluid, 
tr if luoropropylmethysiloxane  (trade  name  "Silicone  Oil"). 
All  three  of  these  fluids  were  unacceptable  because  they  had 
too  high  a  solubility  for  C02 ,  (e.g.  Wedlake  &  Robinson,  1979 
for  solubility  of  C09  in  silicone  oil) .  The  discovery  of  a 
fluid  that  satisfied  both  conditions  of  low  affinity  for  C00 
and  low  electrical  conductivity  proved  elusive.  Several 
compilations  of  solubility  data  were  consulted,  (Gerrard, 
1976;  Stephen  &  Stephen,  1963),  and  it  was  found  that  there 
was  one  liauid  with  a  solubility  constant  for  C0o 
significantly  lower  than  that  of  CC>2  in  water.  This  liquid 
was  glycerol,  (or  glycerin,  C3h8o3) ,  with  H  =  0.03  at  T  =  25 
degrees  C.  Glycerol  also  proved  to  have  an  electrical 
conductivity  much  lower  than  water .  Using  a  Beckman  RB3 
SoluBridge  and  a  G01  conductivity  cell,  the  volume 
conductivity  of  glycerol  was  not  measurable  on  the  scale 
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provided , 
less  than 
values  of 
distilled 
glycerol 


and  from  the  equipment  sensitivity  must  have  been 
0.1  micromhos/cm.  This  may  be  compared  to  measured 
250  micromhos/cm  for  tap  water,  7  micromhos/cm  for 
water,  and  4  micromhos/cm  for  a  50/50  mixture  of 
and  distilled  water. 


Preliminary  tests  on  sample  membranes 

Table  3.1  summarizes  the  results  of  tests  to  measure 
gas  diffusion  through  various  combinations  of  sample  membrane 
and  cell  fluid.  Unless  otherwise  specified,  the  tests  were 
performed  by  setting  up  a  dry  sample  of  sand  in  the  triaxial 
cell,  surrounded  by  the  appropriate  membrane  and  cell  fluid, 
by  pressurizing  the  sample  with  C0o  gas,  then  turning  off  all 
valves  to  the  sample  so  that  it  was  undrained. ^  The  cell 
fluid  was  maintained  at  a  higher  pressure,  and  the  pressure 
drop  in  the  sample  was  monitored  with  time.  Some  of  the 
pressure  drop  in  the  sample  may  have  been  due  to  leakage 
either  through  the  valves  or  through  the  seal  between  the 
membrane  and  the  end-caps.  These  are  discussed  below.  3oth 
effects  proved  to  be  negligible  compared  to  mass  transfer  by 
gas  diffusion. 


“Since  the  compressibility  of  a  liquid/gas  mixture  6f  = 
(1-S+S*H)/P  +  S*3g,  and  since  for  CO2  in  water  H  =?  1,  3]  v  0, 
8-  ?  1/P.  The  pressure  drop  due  to  gas  diffusion  from  the 
sample  will  then  be  approximately  the  same  for  a  dry  or  a 
partly  saturated  sample.  For  this  reason,  dry  samples  were 
used  in  the  diffusion  tests. 
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The  plots  of  pressure  vs  time  for  all  these  tests  are 
located  in  Appendix  B.  An  attempt  to  calculate  an  effective 
diffusivity  for  each  membrane/cell  liquid  combination  could 
be  pursued  using  the  early  time  analysis  outlined  by 
Izydorczyk  et.al.  (1977).  However,  due  to  an  uncertainty 
about  the  boundary  conditions  for  his  method  compared  with 
those  in  the  test,  as  well  as  the  uncertainty  concerning  the 
influence  of  diffusion  in  the  cell  liquid,  this  was  not  done. 
Instead,  the  relative  merits  of  the  various  membrane/ceil 
fluid  combinations  was  assessed  on  the  basis  of  the 
quasi-steady  rate  of  pressure  drop  established  after  5  to  10 
hours  of  observation. 

Table  3.1  contains  a  summary  of  all  the  gas  diffusion 
tests.  A  perusal  of  this  table  will  indicate  several 
important  points: 

(a)  Both  the  neoprene  and  the  double  latex  with 
aluminum  foil  membranes  proved  to  be  unacceptable. 
They  leaked  at  the  seal  with  the  end  caps,  and  also 
ripped  with  only  a  small  expansion  of  the  sample.  The 
neoprene  membrane  sealed  properly  at  the  end  caps,  but 
allowed  moderate  rates  of  gas  diffusion.  This  would 
significantly  influence  the  results  of  a  single  phase 
of  a  soil  test,  conducted  over  1  to  3  hours,  and  would 
introduce  a  large  cumulative  error  to  a  complete  test 
lasting  several  days. 
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(b)  Some  problems  were  also  encountered  with  the 
membrane/end  cap  seal  for  the  latex  and  polyethylene 
film  combination  (M19a) ,  but  several  such  membranes 
were  tested  successfully  (M19f,  M20a  &  b) .  The  ability 
of  this  membrane  to  prevent  diffusion  of  air  appeared 
to  be  good,  but  its  ability  to  inhibit  CO?  diffusion 
was  only  moderate  (M20a) ,  similar  to  the  neoprene 
membrane.  An  anisotropic  undrained  soil  test  (Test 
No.  20)  was  conducted  using  a  latex  and  polyethylene 
film  membrane,  but  was  aborted  due  to  a  leak  which 
developed  during  stress  cycling  of  the  sample.  The 
ability  of  the  polyethylene  film  to  stretch  or  slide  at 
its  overlap,  instead  of  ripping,  was  only  marginally 
better  than  the  aluminum  foil. 

(c)  The  butyl  rubber  membrane  fabricated  in  the 
laboratory  performed  satisfactorily  in  limiting  the 
diffusion  of  both  air  and  C02  gas  (M17a  &  b) .  Extreme 
care  was  necessary  in  establishing  a  proper  seal 
between  the  end  caps  and  that  portion  of  the  membrane 
that  had  been  overlapped  and  joined.  This  part  of  the 
membrane  was  filed  and  feathered  with  a  power  wire 
brush  to  produce  a  smooth  joint  and  a  constant  membrane 
thickness,  and  was  smeared  with  a  vacuum  grease  prior 
to  installation.  An  isotropic  undrained  soil  test 
(Test  No,  13)  was  performed  using  this  membrane,  but 
two  problems  developed: 
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(i)  The  horizontal  strain  response  was  poor  due 
to  membrane  thickness  and  compressibility.  Figure 
3.1  illustrates  the  axial  (vertical)  and  lateral 
(horizontal)  strain  response  of  Sample  18  when 
subjected  to  a  drained  isotropic  cycling  of 
stress.  It  is  obvious  that  the  lateral  strain 
measurement  suffers  a  response  lag  on  stress 
reversal  which  has  led  to  a  large  hysteresis  loop 
and  a  loss  of  accuracy.  The  superior  performance 
of  a  double  latex  membrane  in  transmitting  lateral 
strain  to  the  strain-sensing  device  is  shown  in 
Figure  3.2  for  comparison. 

(ii)  During  the  course  of  the  test  the  membrane 
developed  a  leak  at  the  end  cap  seal,  and  so  the 
test  was  aborted. 

(d)  The  double  latex  membrane  used  with  glycerin  proved 
to  be  the  most  reliable  membrane/cell  fluid 
combination.  During  19  separate  tests,  only  I  leak 
developed,  which  was  due  to  a  punctured  membrane.  The 
double  latex  membrane  alone  (without  the  glycerin  as  a 
cell  fluid)  provided  moderate  inhibition  of  air 
diffusion  but  was  extremely  poor  in  limiting  diffusion 

of  CCu  gas.  Combined  with  the  glycerin  cell  fluid, 
pressure  drops  in  the  sample  due  to  gas  diffusion  were 
proportional  to  the  gas  pressure  (and  hence 
concentration)  inside  the  sample  and  ranged  from  -0.7 
XPa/hr  at  400  KPa  to  -1.5  KPa/hr  at  800  KPa.  The 
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18  -ISOCOMPRESS. 


Figure  3.1  Lateral  and  axial  strain  response  for  sample  18. 
Isotropic  stress  cycling  using  Butyl  rubber  membrane. 
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Figure  3.2  Lateral  and  axial  strain  response  for  sample  21. 
Isotropic  stress  cycling  using  double  latex  rubber  membrane. 


effects  of  gas  diffusion  on  test  results  will  be 
examined  in  Chapter  4. 

(e)  Tests  MlOa  and  b  were  performed  to  compare  mass 
transfer  rates  due  to  gas  diffusion  and  due  to  leakage 
through  the  external  valves  to  the  sample.  The 
pressure  drop  for  test  MlOa  for  a  sample  totally 
saturated  with  water  and  no  gas  was  -0.5  KPa/min. 
Using  a  compressibility  for  water  of  4.5E-7  KPa”1,  this 
can  be  converted  to  a  rate  of  loss  of  mass, 
(1/m  *  dm/dt)  of  2  *  10~~*  hr-^-.  The  equivalent  mass 
loss  rate  ror  CC^  diffusion,  (test  MlOb)  ,  at  dp/at  = 
-0.7  K?a/hr  is  2  *  10“^  hr”-,  or  2  orders  of  magnitude 
faster.  Thus,  during  an  undrained  soil  test,  the  loss 
of  gas  by  diffusion  through  the  membrane  would  be  the 
more  important  source  of  error  in  the  fluid  pressure 
readings . 

(f)  One  gas  diffusion  test  (M15b)  was  performed,  using 

water  and  C0.2  as  the  pore  fluid,  to  confirm  the  idea 
expressed  in  the  last  footnote,  that  the  pressure 
response  in  the  sample  due  to  gas  diffusion  was 
independent  of  water  saturation  (since  H  ^  1)  .  The 

measured  rate  of  pressure  drop  was  -0.9  KPa/hr  for  p  = 
450  KPa,  which  compares  favourably  with  the  gas 
diffusion  tests  run  on  dry  samples.  It  is  interesting 
to  note  the  strong  temperature  dependence  of  this 
response,  (Figure  3.3;  this  will  be  discussed  further 


in  section  3.3.6)  . 
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Figure  3.3-  Gas  diffusion  from  sample ,  for  Test  No.  15 
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As  a  result  of  the  gas-diffusion  tests  outlined  above, 
all  undrained  tests  on  gassy  soils  were  executed  with  a 
standard  double  latex  rubber  membrane  surrounded  by  glycerol. 
The  glycerol,  in  addition  to  its  low  C02  solubility  and  low 
electrical  conductivity,  was  non-toxic,  easy  to  handle, 
non-volatile,  non-corrosive,  and  totally  miscible  with  water. 
This  last  attribute  made  clean-up  much  easier,  but  required 
that  certain  care  be  exercised  in  not  contaminating  the  cell 
fluid  with  water  and  thus  raising  its  conductivity  (section 
3.3.6) 

3.3.2  Measuring  strains  or  volume  changes 

Axial  and  lateral  sample  strains  could  be  measured  in 
one  of  two  basic  ways: 

(a)  3y  measuring  the  axial  load  ram  displacement,  and 
converting  this  into  a  vertical  strain,  measuring  the 
volumetric  strain  of  the  sample,  and  then  calculating 
the  horizontal  strain.  The  volumetric  strain  could  be 
measured  by  the  surface  displacement  and  cathetometer 
method  (Bishop  &  Donald,  1961)  or  by  measuring  the 
volume  of  liquid  entering  or  leaving  the  cell. 

(b)  By  measuring  the  vertical  and  horizontal  strains 
independently,  inside  the  cell,  using  either  direct 
contact  or  non-contact  transducers. 

The  choice  of  a  strain-measuring  device  is  somewhat 
arbitrary,  as  long  as  it  meets  the  constraints  of  accuracy 
and  stability.  Accuracy  requirements  were  assessed  during  an 
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initial  drained  isotropic  test  on  a  sample  of  dense  Ottawa 
sand.  The  vertical  strain  in  the  sample  was  measured  with  an 
LVDT  (Linear  Voltage  Displacement  Transducer) ,  monitoring 
displacements  of  the  sample  top  cap  inside  the  cell.  An 
extremely  sensitive  model  24DCDT-10Q  (Hewlett-Packard) 
transducer  was  used,  with  an  operating  range  of  +  2,5  mm. 
Over  this  range  the  maximum  non-linearity  is  +  0.5%,  (a 
"least-squares"  fit  of  transducer  calibration  data  typically 
gives  a  correlation  coefficient,  r,  of  0.99999).  This 
transducer  is  a  sealed  unit  with  built-in  signal  conditioning 
equipment.  Full-scale  displacement  is  given  by  a  +  10VDC 
signal.  Equipment  sensitivity  allowed  signals  to  be  measured 
reliably  to  +  0.0005  Volts,  giving  a  displacement  accuracy  of 
+  .00013  mm  (or  +  5  *  10“6  inches).  Using  this  transducer,  a 
volumetric  compressibility  of  6  *  10”^  KPa~-^  (for  o'  =  300-700 
KPa)  was  measured,  or  C-,  =  c%  =  As  /  Acr'  =  2  *  10~^  KPa”1.  For 
a  sample  height  of  100  mm,  a  minimum  displacement  of  .00025 
mm  would  correspond  to  a  strain  of  2.5  *  10“^,  which  for  this 
material  would  be  the  response  to  a  change  in  stress  of  o'  = 

Ae/c^  =  i  KPa.  The  undrained  soil  tests  were  performed  in 
increments  of  A o'  =  20  to  50  KPa;  hence  this  transducer  gave 
an  acceptable  accuracy  for  measuring  vertical  strains. 

Fredlund  (1973)  reports  an  accuracy  for  volume  change 
measurements  of  +  .09  cc ,  or  for  volumetric  strains  of 
+  6  *  10-D,  using  a  steel  ball  and  a  cathetome ter .  This  is 
an  order  of  magnitude  less  accurate  than  the  LVDT  mentioned 
above,  and  was  unacceptable  for  use  with  low  compressibility 
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soils.  It  was  decided  not  to  use  this  method  of  measuring 
total  volume  change  because  of  insufficient  accuracy,  and 
also  because  the  measurements  had  to  be  collected  manually. 
The  measurement  of  the  volume  of  liquid  leaving  or  entering 
the  cell  by  use  of  an  external  burette  system  suffered  from 
the  same  limitations  of  accuracy,  and  also  needed  to  be  read 
manually.  In  addition,  the  cell  fluid  possessed  a  high 
compressibility  because  of  the  presence  of  tiny  gas  bubbles. 
These  were  caused  by  gas  which  diffused  out  of  the  sample  and 
then  exsolved  upon  a  decrease  in  cell  pressure.  The 
measurement  of  cell  fluid  volume  change,  and  thus  sample 
volume  change,  was  impossible. 

Both  Fredlund  (1973)  and  Law  (1975)  had  also  used  a 
caliper-operated,  direct  contact  mechanism  for  measuring 
lateral  deformations  of  the  sample.  Law  reported  measuring 
lateral  deformations  to  an  accuracy  of  0.000C4  inches  (or 
0.001  mm),  Menzies  (1976)  similarly  reported  measuring 
lateral  deformations  to  0.003  mm.  This  is  still  an  order  of 
magnitude  higher  than  the  accuracy  discussed  above  for  the 
vertical  LVDT.  However,  both  Law  and  Fredlund  used  a  model 
24DCDT-500  ,  which  has  1/4  of  the  sensitivity  of  the  model 
24DCDT-100  transducer.  A  preliminary  test  was  therefore 
performed  using  the  more  sensitive  transducer  with  the 
caliper-arm  direct  contact  mechanism. 

Figure  3.4  illustrates  the  first  generation  of 
deformation  transducers  tested,  (Figures  3.5  and  3.6  are 
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Figure  3.4  -  Original  Deformation  Gauge: 


Figure  3.5  -  Detail  of  vertical  deformation  gauge 
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Figure  3.6 

Detail,  horizontal  deformation  gauge 
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closeups  of  the  vertical  and  horizontal  transducers, 
respectively) .  Several  details  of  construction  which  reduced 
the  lateral  strain  indicator  accuracy  are  worth  noting: 

(a)  The  lateral  strain  indicator  consists  of  a  pair  of 
circular-shaped  calipers  which  rest  against  the  sample 
at  their  midpoint,  are  hinged  at  the  back,  and  joined 
at  the  front  by  an  LVDT  mechanism  (not  shown 
completely) . 


(b)  The 

hinge-point 

at 

the  back  of 

the  calipers  is  a 

source 

of  small 

but 

measur  able 

error  on  strain 

reversal . 

(c)  The  original  mechanism  for  establishing  contact 
between  the  caliper  and  the  sample  was  first  a  2.5  cm 
square  and  then  a  7.5  cm  square  brass  plate  (Figure 
3.6)  attached  to  the  caliper  by  a  hinge  and  given  a 
curvature  of  about  12  cm,  slightly  greater  than  the 
sample.  This  proved  to  be  a  major  source  of  inaccuracy 
in  the  measurement, 

(d)  The  LVDT  mechanism  (Figure  3.6)  consisted  of  an 
LVDT  mounted  vertically  on  one  caliper.  The  core  of 
the  LVDT  was  attached  to  the  opposite  caliper  by  a  thin 
steel  wire  and  was  spring-loaded.  Again,  this  method 
introduced  inaccuracy  into  the  measurements. 

Isotropic  drained  tests  on  dense  samples  of  sand  were 
performed  to  establish  the  accuracy  of  the  lateral  strain 
indicator,  using  a  24DCDT-100  transducer.  It  was  found  that 
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the  poor  level  of  accuracy  reported  by  Law  was  due  mostly  to 
the  caliper  mechanism.  This  mechanism  was  improved  in  two 
ways : 

(a)  The  contact  point  between  the  sample  and  the 
caliper  was  redesigned.  The  hinge  and  brass-plate  was 
replaced  by  a  solid  point-contact.  To  prevent 
indentation  of  the  sample,  a  2.5  cm  square  brass  plate 
(curved)  was  held  against  the  sample  on  each  side  until 
the  caliper  mechanism  was  set  in  place  (Figure  3.7). 

(b)  The  LVDT  was  mounted  horizontally,  with  the  body 
attached  directly  to  one  caliper  and  the  core  attached 
directly  to  the  other,  (Figure  3.8).  The  core  arm  had 
to  be  bent  slightly  and  the  body  adjusted  to  the  proper 
angle  to  allow  the  caliper  arms  to  move  freely.  Using 
this  arrangement,  movements  of  10  -  15  mm  were  possible 
before  the  mechanism  was  restricted  by  non-compatible 
angular  displacements  of  the  core  and  transducer 
housing.  The  calipers  were  spring  loaded  at  the  front, 
parallel  to  the  LVDT,  as  well  as  at  the  rear  hinge 
point. 

The  improved  lateral  strain  indicator  provided  an 
accuracy  comparable  to  the  vertical  LVDT,  except  for  some 
hysteresis  in  the  stress-strain  curve  upon  stress  reversal. 
This  was  mainly  due  to  the  caliper  pivot,  (Figure  3.2). 
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Figure 


3.7  -  Modified  horizontal  gauge 
Detail  of  point  contact 


Figure 


3.8  -  Modified  horizontal 
Detail  of  LVDT  mounting 


gauge 
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A  test  was  also  performed  to  measure  the  "stiffness" 
of  the  strain-measuring  system  itself.  Typically,  this  is 
done  with  an  incompressible  sample,  so  that  the  deformations 
measured  are  those  of  the  system  components,  i.e.  the  top 
cap,  porous  stones,  membrane,  caliper  arms,  etc.  The  system 
compressibility  was  4  *  10-^  KPa-J-  vertically,  and  was  too 
small  to  measure  horizontally.  The  vertical  system 

compressibility  may  be  attributed  to  deformations  of  the 
metal  porous  stone  against  the  (steel)  sample.  It  was  felt 
that  these  deformations  were  not  representative  of  the 
behaviour  of  the  strain-measuring  system  in  contact  with  a 
real,  and  considerably  more  compressible  sample,  and  so  they 
were  not  used  as  corrections  for  the  laboratory  test  data. 

A  comparison  of  the  performance  of  the  vertical  and 

horizontal  strain  indicators  may  also  be  made  by  examining 

the  measured  strains  in  an  isotropic  test.  Figure  3.3  is  a 

plot  of  axial  strain  vs  volumetric  strain  for  the  isotropic 

stress-cycling  portion  of  Test  No.  21.  Since  e  -  =  e  _ .  + 

•L  ^  “  vol  vert 

^  ^horiz'  ^  S/ert  =  £horiz'  then  svol  =  3*evert,  The  good 
correspondence  between  vertical  and  horizontal  strains 

suggests  that  the  vertical  system  compressibility  correction 

mentioned  above  was  indeed  peculiar  to  the  use  of  an 

incompressible  sample. 

The  modified  direct-contact  Lateral  Strain  Indicator 
then  provided  an  acceptable  accuracy  of  +  .00013  mm.  The 

design  of  the  LSI  inherently  possessed  one  minor 
disadvantage,  however.  Since  the  caliper  arms  were  attached 


-o.« 

X 

z®' 

Id.. 

i— 

n 


o 

>■  0. 


o. 

Q, 


— 

- 1 - 

1 

1 

1 

1 

: 



s 

/ 

/ 

S’J& 

w 

- 

r  J.r 

- 

soy 

'&2t. .. 

.  ... 

_ 

i 

}<r 

1 

1  I 

i 

3  I 

0.240  0.3 

.00 

0.080 

-0 .030 

fiXIfil  STS9IN  (X) 

21  -ISOCOnPRESS, 


Figure  3.9  Comparison  of  vertical  and  horizontal  strains, 
Test  21. 
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to  an  external  post  (Figure  3.4)  ,  any  translation  of  the 
sample  in  a  direction  away  from  this  post  would  cause 
spurious  lateral  strain  readings.  This  disadvantage  could  be 
overcome  by  designing  a  LSI  which  was  attached  to  the  sample 
only.  It  would  necessarily  need  to  be  light,  as  it  would  be 
held  in  place  by  frictional  resistance  at  the  point  contacts. 
A  light  LSI  was  designed,  consisting  of  two  lengths  of  curved 
spring  steel,  attached  to  pads  which  contacted  the  sample, 
(Figure  3.10).  Strain  gauges  were  mounted  on  the  spring 
steel.  Tests  on  this  device  revealed  a  sensitivity  of  +  .01 
mm.  In  addition,  long  term  drift  problems  associated  with 
this  model  limited  the  accuracy  to  +  0.2  mm.  Sven  assuming 
the  problem  of  drift  in  the  readings  could  be  overcome,  the 
maximum  accuracy  of  +  .01  mm  was  unacceptable. 

The  caliper  arm  LSI  could  be  used  for  measuring 
strains  in  the  laboratory  samples  if  sample  translation  was 
not  large.  Since  all  preliminary  isotropic  tests  had 
demonstrated  excellent  agreement  between  measured  vertical 
and  horizontal  strains,  this  horizontal  LSI  was  chosen  for 
all  the  subsequent  testing. 

3.3.3  Measuring  pressures 

Cell  and  sample  pressures  were  measured  using  CELESCO 
0  to  300  psi,  (0  to  2000  KPa)  ,  strain-gauged  diaphragm 
transducers,  exhibiting  an  accuracy  of  +  0.1  KPa.  The 
transducer  for  monitoring  sample  pressure  was  mounted  in  the 
base  of  the  cell,  as  close  as  possible  to  the  bottom  of  the 
sample.  When  all  valves  to  the  sample  were  closed, 
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Figure  3.10  -  Light-weight  Lateral  Strain  Indicator 
(illustrated  from  El-Ruwayih,  1976) 
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approximately 

20 

cc  of 

fluid 

were 

contained  in 

the 

lower 

porous 

stone 

f 

lines , 

and 

pressure  transducer, 

and 

approximately 

25 

cc  of 

fluid 

were 

contained  in 

the 

upper 

porous 

stone 

and 

lines . 

This 

may 

be  compared 

to  a 

void 

volume  of  250  cc  for  the  100  mm  high  samples  and  500  cc  for 
the  200  mm  high  samples. 

The  pore  pressure  transducer  was  connected  to  the 
sample  via  a  coarse  metallic  filter  stone.  Although  the  use 
of  coarse  stones  is  associated  with  the  measurement  of  pore 
gas  pressures,  it  is  likely  that  at  the  saturations  measured 
during  most  of  the  tests,  the  air  phase  was  occluded  and  the 
pressure  measured  was  that  of  the  liquid  phase.  The  typical 
bubble  radii  for  the  material  tested  (see  Chapter  5)  probably 
lie  in  the  range  of  0.03  to  0.07  mm,  and  using  an  interfacial 
tension  between  CCK  and  H-,0  of  70  dynes/cm,  this  implies  a 
difference  between  the  gas  pressure  and  the  liquid  pressure 
of : 


P  -  2  *  Ts  /  r  Ts=  interfacial  tension 

r  =  bubble  radius 

=  90,000  dynes/cm2 
=  4  to  9  KPa 

3.3.4  Measuring  Deviator  Stress 

All  tests  performed  were  stress-controlled.  Deviator 
stresses  were  applied  using  a  diaphragm-operated  air  cylinder 
(trade  name  Bellofram)  and  measured  with  an  external  load 
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cell  placed  in-line  with  the  cell  loading  ram  (Figure  3.11). 
Cell  ram  friction  was  initially  measured  with  two  load 
transducers,  (one  mounted  external  and  one  internal  to  the 
testing  chamber),  at  a  series  of  cell  pressures.  The 
calibrations  applied  to  all  test  results  are  shown  in  Figure 
3,12. 

The  application  of  these  calibrations  was  somewhat 
uncertain  when,  during  the  course  of  the  test,  the  sample 
underwent  a  vertical  strain  reversal.  In  this  case,  the 
plots  of  deviator  stress  appear  to  take  a  step  increase  or 
decrease,  whereas  the  changeover  from  positive  to  negative 
ram  friction  (or  vice  versa)  was  actually  more  gradual. 

3.3.5  Saturating  water  with  C02  ga5 

Water  was  saturated  with  C02  gas  in  a  bubble  chamber 
(exterior  to  the  test  cell)  and  then  moved  into  the  sample 
under  an  appropriate  back-pressure.  A  Linde  commercial  grade 
C02  was  used  (99%  pure)  with  the  main  contaminant  being  air. 
The  C02  gas  was  allowed  to  bubble  slowly  through  the  water  in 
the  chamber  under  a  controlled  and  measured  back  pressure  for 
a  period  of  several  hours  to  establish  equilibrium  between 
dissolved  and  free  gas  in  the  chamber. 

3.3.6  General  cell  design  considerations 

Cell  construction 

The  cell  was  constructed  of  aluminum  and  the  drain 
lines  were  of  copper  tubing.  This  allowed  the  possibility  of 
high  pressure  tests  (up  to  7000  KPa) ,  although  this  facility 
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Figure 


3.11  -  Triaxial  loading 
Bellofram  and  load  cell 


frame 


800 

600 

400 

200 

0 


81 


EXTERNAL  LOAD  (LBS) 

For  loading:  Ram  friction  = 

-30- (0.05*AL)- (0.32- [0 .0002*AL] ) *cell  pressure 

unloading:  Ram  friction  = 

27+(0.03*AL)+(0.02-[0.0002*AL] )*cell  pressure 

where:  AL  =  axial  load  (lbs) 

Ram  friction  in  lbs 
Cell  pressure  in  psi 


Figure  3.12  -  Calibration  for  ram  friction 
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was  never  exploited.  The  metal  parts  were  used  mainly  to 
prevent  gas  diffusion  from  the  lines  or  from  the  cell  itself. 

Diffusion  through  the  end  caps 

Fredlund  (1973)  discusses  the  problems  associated  with 
the  diffusion  of  gas  from  the  sample,  through  the  porous 
plates  and  into  the  area  around  the  pore  pressure  transducer. 
Due  to  the  present  method  of  sample  preparation,  not  only  the 
sample,  but  the  porous  stones,  end  caps  and  all  lines  are 
initially  filled  with  a  CC^-satur ated  water.  During  the  test 
there  is  no  reason  for  CC^  concentrat ion  gradients  to 
develop,  and  so  it  is  unlikely  that  diffusion  occurs  through 
the  porous  stones,  as  encountered  by  Fredlund.  However,  with 
decreasing  pore  pressure,  gas  will  exsolve  from  the  fluid 
located  in  the  lines,  porous  stones,  etc.  and  will  contribute 
to  the  sample  volume  change  measured  during  the  undrained 
test.  This  has  an  equivalent  effect  of  testing  a  sample  with 
about  a  5  to  10%  (depending  on  sample  size)  increased 
porosity  over  that  actually  established  in  the  sample. 

Temperature  control 

Both  the  pore  pressure  and  the  volume  change 
measurements  were  found  to  be  temperature  dependent.  The 
pore  pressure  dependence  on  temperature  was  first  recognized 
at  the  end  of  Test  No.  15.  After  completion  of  the  test,  the 
sample  was  left  in  an  undrained  state,  and  under  constant 
cell  pressure,  for  10  days  to  monitor  change  in  pore  pressure 
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due  to  loss  of  gas  by  diffusion  through  the  sample  membrane 
(Test  M15b) ,  A  general  decrease  in  pore  pressure  was 
observed,  but  superimposed  on  this  was  a  daily  fluctuation  in 
pressure  (Figure  3.3).  At  the  time  there  was  no  temperature 
monitoring  equipment  on  the  sample,  but  the  pressure 
fluctuations  were  thought  to  be  due  to  temperature  changes. 
Figure  3.13  plots  the  outside  temperature  fluctuations  for 
the  same  period  of  time,  and  it  may  be  observed  that  there  is 
a  good  correspondence  between  the  two,  both  in  time  and 
amplitude . 

Problems  with  temperature-induced  pressure 
fluctuations  had  not  been  encountered  in  tests  1  to  14,  since 
these  were  performed  over  the  winter  of  1979-80,  when 
laboratory  temperatures  were  maintained  relatively  constant. 
Temperature  monitoring  was  carried  out  for  subsequent  tests 
in  the  cell  itself,  and  the  test  apparatus  was  further 
insulated  against  temperature  fluctuations.  These  were 
confined  to  +  0.5  degrees  F,  and  the  temperatures  changes  for 
any  particular  phase  of  one  test  were  limited  to  +  0.1 
degrees  F. 

It  was  also  found  that  the  volume  change  measurements 
were  slightly  temperature  dependent  due  to  temperature 
sensitivity  of  the  LVDTs.  Calibrations  were  then  performed 
at  the  test  temperature. 
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Figure  3 . 13 


Hourly  temperatures  at  Edmonton 
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Sealing  the  electrical  cables 

It  was  necessary  to  pass  the  wires  for  all  internal 

transducers  through  the  cell  in  some  manner.  Several  methods 
of  sealing  the  wires  were  investigated.  All  methods 
attempting  to  seal  around  the  insulation  on  the  wire  proved 
unsatisfactory,  as  invariably,  in  the  course  of  preparing  or 
dismantling  a  sample,  this  insulation  would  be  damaged 
slightly  and  the  cell  fluid  would  leak  out  between  the 

insulation  and  the  wire.  Finally,  a  bare-wire  seal  was 
devised.  Each  wire  was  individually  passed  through  a  hole  in 
a  short  rod  of  teflon  and  this  teflon  was  compressed  by  a 
standard  tube  fitting  at  the  base  of  the  cell.  The  method 
successfully  sealed  all  wires  leaving  the  cell,  but  required 

extreme  care  in  preventing  electrical  leaks  at  the  fitting. 

The  fitting  was  located  at  the  base  of  the  cell,  and  on 
dismantling  the  cell,  water  was  used  to  clean  the  sample  and 
cell  interior  of  glycerin.  It  was  important  to  properly  dry 
around  these  fittings,  so  that  electrical  short  circuits 
would  not  develop  during  the  next  test. 

Assembly 

The  cell  was  designed  so  that  the  sample  could  be  set  up  on 
the  base  and  the  transducers  attached  and  checked  for 
operation.  The  top  portion  of  the  cell  was  attached  just 
prior  to  starting  the  test. 

Figure  3.14  shows  the  general  testing  equipment, 
including  the  sample  on  the  cell  base,  the  CC^  cylinder  and 
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Figure  3.14  -  Testing  Apparatus 


87 


babble  chamber,  several  back-pressure  chambers,  a  low  and 
high  pressure  volume  change  indicator  (not  used) ,  the 
glycerin  storage  container,  air  pressure  regulators  and 
associated  plumbing. 

3.4  TESTING  PROGRAM 

The  laboratory  program  consisted  of  a  series  of 
undrained  tests  on  dense  samples  of  Ottawa  Sand  (n.  =  0.32). 
These  samples  were  initially  totally  saturated  with  water 
(S  =  1)  which  contained  some  dissolved  C00  qas?  (and  minor 
amounts  of  air)  .  All  samples  were  initially  unloaded  to  low 
effective  confining  pressures,  and  some  experienced  stress 
cycling.  The  stress  paths  investigated  included  isotropic 
unloading/loading,  anisotropic  unloading/loading,  decreasing 
p"  to  failure,  and  increasing  q  to  failure.  These  stress 
paths  are  illustrated  in  Figure  3.15. 


All 

tests  were  performed 

by 

applying 

several 

increments 

of  stress,  and  allowing 

the 

sample  to 

come  to 

equilibrium  between  stress  increments.  Transient  behaviour, 
due  to  gas  exsolution,  typically  lasted  from  1  to  2  hours,  so 
that  a  full  test,  comprising  10  to  15  phases,  lasted  from  1 
to  2  days.  Including  sample  preparation,  initial  testing  for 
gas  diffusion  and  deformation  properties,  the  test  proper, 
and  dismantling,  a  test  could  last  up  to  1  week. 
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Figure  3.15  Stress  paths  for  undrained  tests  on  dense 
sand  with  Ho0/C02  pore  fluid  (Sw^=100%) 
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3.5  TESTING  PRELIMINARIES 
3.5.1  Sample  preparation 

The  soil  used  in  all  tests  was  Ottawa  Sand,  presieved 
so  that  90%  of  its  grains  were  between  0.6  and  0.25  mm  (ASTM 
C109) .  Figure  3.16  illustrates  a  typical  grain  size 
analysis . 

A  compaction  test  was  performed  for  this  sand,  using 
the  actual  sample  mold  and  cell  base  from  the  test  apparatus. 
The  result  is  shewn  in  Figure  3.17.  A  maximum  dry  density  of 
1.73  Mg/m^  was  obtained  by  this  method,  (or  a  minimum 
porosity  of  0.353). 

It  was  found,  however,  that  a  much  denser  sample  could 
be  obtained  by  placing  the  base  and  mold  on  a  vibrating 
table,  partially  filling  the  mold  with  water,  and  placing  and 
compacting  the  sand  underwater.  Dry  densities  of  1.81  Mg/irt^ 
(or  n  =  0.322)  were  consistently  achieved  using  this  method. 

The  sample  was  then  prepared  by  placing  a  double  latex 
membrane  around  the  bottom  cap  and  sealing  with  two  O-rings. 
A  split  mold  was  strapped  around  the  bottom  cap  and  the 
sample  compacted  inside  the  membrane  and  mold  as  described 
previously.  The  top  cap  and  top  drainage  line  were  attached 
and  then  a  suction  was  applied  to  the  sample  and  the 
compaction  mold  was  removed.  Sample  dimensions  were  recorded 
and  the  strain  indicators  were  attached  and  initial  readings 
were  taken.  Then  the  top  of  the  cell  was  assembled,  the  cell 
filled  with  glycerin,  a  nominal  cell  pressure  applied,  and 


the  vacuum  removed. 
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Figure  3.16 


Grain  size  analysis  for  typical  sample 
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3.5,2  Saturation  with  water 

Even  though  the  sample  was  prepared  by  placing  and 
compacting  underwater,  it  was  found  that  it  was  not  fully 
saturated  due  to  the  presence  of  entrapped  air  bubbles. 
Black  and  Lee  (1973)  have  demonstrated  that,  depending  upon 
the  back  pressure  and  initial  saturation,  the  time  to  fully 
saturate  such  samples  could  take  from  several  hours  to 
several  days  (or  even  months) . 

A  quicker  and  more  consistent  method  of  saturating 
these  samples  was  discovered,  however.  Part  of  the  reason 
for  requiring  high  pressures  and/or  long  times  for  saturating 
such  samples  containing  air  bubbles  is  the  low  solubility  of 
air  in  water.  Approximately  one  atmosphere  back  pressure  is 
required  to  dissolve  each  2%  of  initial  gas  saturation,  since 
H  =  0.02.  The  process  of  dissolution,  at  such  pressures, 
will  only  be  complete  at  infinite  time.  One  method  of 
increasing  the  rate  of  gas  sorption,  discussed  by  Black  and 
Lee,  is  to  increase  the  back  pressure.  Another  method  is  to 
increase  H,  and  possibly  also  the  diffusivity  constant,  by 
replacing  the  air  with  a  more  soluble  gas. 

This  was  accomplished  by  displacing  the  water  and  air 

in  the  sample  with  CO2  gas,  allowing  the  CO2  to  drain  through 
the  sample  for  approximately  15  to  30  minutes,  and  then 
slowly  displacing  and  dissolving  the  CO2  gas  with  distilled 
water.  This  water  contained  some  dissolved  air,  but  all  free 
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air  bubbles  had  been  removed.  Left  under  a  minimal  back 
pressure  for  an  additional  15  minutes,  the  sample  would  be 
totally  saturated. 

3.5.3  Isotropic  compressibility 

While  the  sample  was  being  totally  saturated  (the  last 
step  discussed  above)  an  isotropic  compressibility  test  was 
performed  by  subjecting  it  to  several  drained  stress  cycles. 
This  preliminary  stress  cycling  further  compacted  the  sample 
and  provided  information  on  the  performance  of  the  vertical 
and  horizontal  strain  indicators.  The  results  from  such  a 
test  are  shown  in  Figure  3.2.  The  volume  compressibility  for 
the  sample  could  then  be  calculated,  (e.g.  for  Test  No.  21, 

3t  =?  3.5  *  10" 6  KPa"1)  . 

3.5.4  Test  for  full  saturation 

When  the  compressibility  tests  were  completed,  a 
standard  3-test  was  then  performed  by  closing  all  drainage 
lines  to  the  sample,  increasing  the  cell  pressure  and 
measuring  the  pore  pressure  response.  Black  and  Lee  (1973) 
present  a  formula  for  calculating  the  initial  degree  of 
saturation  in  the  sample  knowing  the  pore  pressure  response 
B  (=du/dcr)  : 


Si  =  1  ~  Z  *  (1  “  B) 
1  -  Z  *  Q 


(3.1) 


Q  =  B*n*01/-3T;  Z  =  Y/D;  Y  =  gT*Aa/n;  D  =  1-(P/[P  +  auJ) 


94 


Equation  3.1  may  be  obtained  by  solving  equation  2.15a  in 
terms  of  S  instead  of  Au,  (with  H  =  0,  since  no  time  is 
allowed  for  gas  exsolution) .  Calculations  for  initial 
saturation  at  this  stage  of  the  test  typically  yielded  values 
of  about  99.98%. 

3.5.5  Saturation  with  water  and  dissolved  CO^  gas 

The  last  step,  prior  to  testing,  and  after  full 
saturation  of  the  sample  with  water  had  been  established,  was 
to  replace  the  distilled  water  in  the  pore  space  with  water 
and  a  known  amount  of  dissolved  CCU.  gas.  This  was 
accomplished  by  slowly  draining  the  fluid  out  of  the  bubble 
chamber  and  into  the  sample.  The  displacement  was  done  in  3 
stages,  using  a  volume  of  CO^  saturated  fluid  equal  to  twice 
the  pore  volume  during  each  stage,  and  letting  the  sample  sit 
for  30  minutes  between  stages  to  allow  the  new,  and  any 
remaining  old  pore  fluid  to  mix  and  equilibrate  their 

dissolved  C02  concentrations .  This  movement  of  pore  fluid 
was  driven  by  a  low  pressure  gradient,  of  approximately  30 
KPa,  across  the  sample.  The  lowest  pressure  in  the  system 
was  maintained  at  about  300  KPa  above  the  previously 
established  liquid/gas  saturation  pressure. 

r 

3.6  TESTING  PROCEDURE 

At  the  beginning  of  the  undrained  portion  of  the  test, 
all  the  preliminary  work  discussed  in  Section  3.5  had  been 
performed.  The  initial  sample  stresses  were  then  set,  with 
03  usually  about  1200-1300  KPa  and  u  about  600  KPa.  U  was 
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initially  greater  than  the  liquid/gas  saturation  pressure,  so 
that  the  sample  was  totally  saturated  with  water.  All 
drainage  lines  to  the  sample  were  closed  and  initial  readings 
were  taken  for  <j3,  qd,  Uf  eh,  and  ev. 

For  the  isotropic  tests,  was  then  decreased  by  some 
amount,  typically  about  100  KPa,  readings  of  u,  and  ev 
were  immediately  noted  and  then  monitored  with  time  until  no 
further  change  was  measured.  The  next  step  decrease  in  o  ^ 
was  then  applied  and  the  measurement  sequence  repeated,  c 3 

was  decreased  until  a  3  was  close  to  zero,  and  in  some  cases 
equal  to  zero,  and  then  increased  in  several  stages  back  to 
its  initial  value. 

The  anisotropic  tests  were  conducted  in  a  similar 
manner,  except  that  both  a  3  and  o  ^  were  decreased  (or 
increased)  together  and  c D  was  further  adjusted  as  u  varied 
with  time  to  maintain  a  constant  ratio  of  cr^/Og. 

At  the  end  of  the  isotropic  and  anisotropic  tests,  the 
sample  was  failed  either  by  decreasing  a 3  or  increasing  aD. 
These  stress  changes  were  again  applied  in  increments,  and 
sample  pore  pressure  and  strain  monitored  with  time  during 
each  increment. 

3.7  TEST  RESULTS 

The  process  of  gas  exsolution  dominated  the  observed 
behaviour  in  all  tests  and  produced  some  general 
characteristics  common  to  all,  that  may  be  understood  by 
examining  Figure  3.13,  (Test  No.  11).  The  unloading  portion 
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Figure  3.18  Isotropic  undrained  unloading  test  on 
sand  with  f^O/CC^  pore  fluid  (Swi=100%) 
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of  this  test  was  conducted  in  9  stress  decrements,  (i.e. 
phases  A  -  J)  .  Initial  stresses  were  a ^  =  1394  KPa,  u  = 
646  KPa,  and  the  pore  fluid  was  undersaturated  with  respect 
to  gas,  since  the  initial  pore  pressure  was  higher  than  the 
liquid/gas  saturation  pressure  of  510  KPa. 

For  the  first  two  phases  of  the  test,  the  soil  behaved 
as  if  it  were  totally  saturated,  with  no  gas  in  the  pore 
space.  For  example,  at  the  beginning  of  phase  A  the  measured 
pore  pressure  response  was: 

B  =  du  /  da  =  -50/-72  =  0.69 

Using  n  =  0.32,  3T  =  5.3  e-6  KPa""1  r  =  4.5  E-7  KPa'1  and 
P  =  746  KPa  (absolute),  equation  3.1  gives  an  initial 
saturation  of  99.5%.  The  theoretical  response  for  a 
fully-saturated  soil  using  these  compressibilities  would  be: 

B  =  du  /  d a  =  1  /  (1  +  n*S1/eT)  (3.2) 

=  0.976 

It  is  apparent  what  a  marked  effect  a  small  amount  of  gas  can 
have  on  the  pore  pressure  response.  This  effect  is 
particularly  exacerbated  in  soils  with  a  low  compressibility, 
as  was  demonstrated  by  Black  &  Lee  (1973) . 

The  initial  saturation  of  99.5%  obtained  in  this  test 
appears  to  be  somewhat  low  in  comparison  to  other  tests 
performed.  However,  some  care  must  be  exercised  in 
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calculating  a  B-response  in  this  manner  at  the  beginning  of 
one  phase  of  the  test,  since  a  small  period  of  time  has 
elapsed  (15  -  30  seconds)  during  which  the  cell  pressure  was 
decreased  and  the  initial  readings  taken,  and  hence  some 
exsolution  may  have  occurred  already.  The  3-response 
calculated  may  then  be  too  low.  This  source  of  error  is 
discussed  more  fully  in  Chapter  4.  Actual  B-tests  performed 
above  the  liquid/gas  saturation  pressure  for  Test  No.  11,  and 
before  the  commencement  of  phase  A,  yielded  B  =  0.84,  or 

si  =  99.75%. 

At  the  beginning  of  phase  C  of  the  test,  a  drop  in  a~ 
from  1220  to  1111  KPa  induces  an  immediate  change  in  pore 
pressure  from  551  to  482  KPa.2  This  brings  the  pore  pressure 
below  the  C02/H20  saturation  pressure  of  510  KPa  and  hence 
CC>2  gas  begins  to  exsolve.  Note  the  distinctive  shape  of  the 
pressure-time  exsolution  curve  for  all  phases.  The  rate  of 
exsolution  is  very  high  at  zero  time  and  decreases  steadily 
towards  zero  as  the  pressure  becomes  asymptotic  to  some 

maximum  value,  ?max.  Pmax  is  the  equilibrium  pressure  that 
would  be  calculated  from  equation  2.15b  using  the  appropriate 
value  of  Henry's  constant  H.  During  the  early  portions  of 
the  test,  ?max  is  very  close  to  P^/q.  This  is  due  to  the 

fact  that  is  large  and  hence  8rv.  is  low.  Volumetric 
strains  to  the  end  of  phase  E  of  the  test  are  only  0.25% 


2  ... 
For  simplicity.  Figure  3-18  does  not  show  minor  increases  m 

pore  pressure  during  phase  3  of  the  test  due  to  air 

exsolution.  This  will  be  discussed  in  Chapter  4. 
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(expansion).  Hence,  there  has  been  an  increase  in  void 
volume,  and  thus  generation  of  free  C0n  gas,  of  approximately 
2  cc ,  compared  to  a  volume  of  dissolved  gas  of  215  cc  at  this 
same  pressure.  As  the  test  progresses  through  phases  F  to  J, 

03  decreases  from  375  KPa  to  0  KPa,  and  the  soil  skeleton 
compressibility  increases  from  1  E-5  to  1  E-3  KPa-1. 
Volumetric  strain  at  the  end  of  phase  J  is  1.1%  (expansion), 
or  8.5  cc  of  gas  have  been  produced.  This  increased  soil 
skeleton  compressibility  and  increased  fluid  compressibility 
(due  to  lower  water  saturation,  S)  cause  ?max  to  gradually 
decrease  (see  equation  2.15b).-*  This  type  of  behaviour  was 
observed  both  in  the  isotropic  and  anisotropic  tests,  as  O' 

and  O'  approached  zero  and  thus  8  «p  became  larger,  and  in  the 
tests  to  failure,  as  large  volumetric  strains  occurred  when 
the  stress  trajectory  approached  the  failure  envelope. 

3.7.1  Isotropic  Tests 

The  previous  section  has  discussed  the  general  nature 
of  all  the  undrained  tests,  and  has  used  an  isotropic  test 
(No.  11)  to  illustrate  this  behaviour  (Figure  3.13). 

Figures  3.19  and  3.20  illustrate  the  stress-strain 
behaviour  of  the  sample  observed  during  Test  No.  11.  The 
data  for  Figure  3.19  were  collected  during  the  preliminary 
isotropic  stress-cycling  phase,  and  the  data  for  Figure  3.20 
from  phases  A  to  M  of  the  test  proper. 


“’A  small  portion  of  the  decrease  in  P  with  decreasing  3 
during  the  test  is  due  to  the  loss  of1  gas  from  the  sample  by 
diffusion  through  the  membrane.  This  effect  is  discussed  in 
Chapter  4. 
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Figure  3.19 
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The  transient  response  of  pore  pressure  (and  hence 
effective  stress)  and  strain  for  each  of  the  phases  of  the 
test  are  portrayed  in  more  detail  in  Figures  3.21  to  3.32. 

It  should  be  noted  that  Test  No.  11,  (and  other 
isotropic  tests)  ,  were  unloaded  past  the  point  of  zero 
effective  stress  (phase  K,  Figure  3.30).  Since  o'  cannot 
decrease  below  0,  a  decrease  in  a  forces  an  equivalent 
decrease  in  u,  and  u  must  remain  at  a  value  equivalent  to  a. 
This  causes  the  generation  of  large  volumes  of  gas  in  the 
sample,  and  the  measured  volume  change  increases 
substantially.  Actually,  only  the  fluid  behaviour  is  being 
measured  during  this  phase,  but  a  fluid  that  is  responding  to 
a  change  in  external  stress  in  the  presence  of  the  soil 
grains .  Phase  K  is  thus  a  psuedo-dr ained  test.  The 
significance  of  these  results  will  be  discussed  further  in 
Chapter  6 . 

The  same  data  for  the  other  isotropic  tests  performed 
is  located  in  Appendix  C. 

3.7.2  Anisotropic  Tests 

The  isotropic  stress-strain  behaviour  of  sample  No.  21 
during  preliminary  stress  cycling  has  already  been  presented 
in  Figure  3.2.  During  preliminary  tests  the  deviator  stress 

was  also  cycled  (with  g '  maintained  at  a  constant  value). 
The  strain  response  to  this  cycling  is  shown  in  Figure  3.33. 
It  can  be  seen  that  the  deviator  stress  alone  has  little 
influence  on  e and  almost  no  influence  on  e  ^  at  low  values 
°£  o£/a  3,  (the  maximum  value  of  k  in  test  21  is  2.0). 
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Figure  3.22 
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Figure  3.26 
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Figure  3.27 
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Figure  3.28 
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Figure  3.29 
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Figure  3.30 
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Figure  3.31 
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Houlebec  (1968)  also  reported  this  predominance  of  the  strain 
response  by  the  cell  pressure  and  noted  that  it  seemed  to  be 
a  peculiarity  of  the  triaxial  test. 

The  undrained  portion  of  Test  No,  21  was  performed  by 
unloading  from  initial  stress  conditions  of  =  1041  KPa, 

=  1676  KPa  and  u  =  435  KPa,  and  maintaining  K 
approximately  constant  at  a  value  of  2.  Figure  3.34 
illustrates  the  stress  path  for  the  unloading  and  reloading 
portions  of  this  test  and  Figures  3.35  &  3.36  show  the 
stress-strain  behaviour  of  the  sample  for  all  phases.  Figure 

3.37  is  a  plot  of  a  d/g^  vs  £v  for  the  test,  and  gives  an 
indication  of  how  good  the  control  on  constant  K  was.  For 

K  =  2,  °D/U3  =  1.0.  It  can  be  seen  that  during  the  unloading 
portion  of  the  test  1.8  <  K  <  2.4.  During  the  reloading 
portion,  K  initially  seems  to  decrease  to  a  value  of  1.2. 
This  is  a  problem  associated  with  applying  the  correction  for 
ram  friction,  which  changes  sign  on  vertical  strain  reversal. 
During  this  portion  of  the  test,  it  is  likely  that  1.6  <  K  < 
2.0. 

Figures  3.38  to  3.43  illustrate  the  transient  response 

°f  u,  p' ,  sv,  and  evoi  during  phases  A  to  F  of  Test  No. 
21,  for  both  unloading  and  reloading.  The  behaviour  is  very 
similar  to  that  for  the  isotropic  tests.  The  variation  of 
pore  pressure  and  strain  with  time  is  identical  to  that 
discussed  previously  for  Test  No.  11.  Note  the  value  of  Pmax 
for  each  phase  of  the  test  in  comparison  to  the  CC^/^O 
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Figure  3.38 
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Figure  3.42 
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gd  also  varies  during  each 


saturation  pressure  of  510  KPa. 
phase  of  the  test.  This  adjustment  was  made  manually  in  an 
effort  to  maintain  constant  K,  as  u  and  hence  o ,  varied 
during  each  phase. 

The  results  of  other  anisotropic  tests  are  located  in 
Appendix  D. 

3.7.3  Tests  to  failure 

Phases  A  to  F  of  Test  No.  21  followed  an  anisotropic, 

constant  K  stress  path.  At  the  end  of  phase  F,  the  sample 

stresses  were  a3  =  1251  KPa,  o1  =  1135  KPa,  and  u  =  566  KPa. 

The  test  was  then  continued  as  an  undrained  test  to  failure 

during  phases  G  to  L.  At  the  beginning  of  phase  G,  g1  was 
increased  to  1323  KPa,  and  then  q  3  was  decreased  in  steps 
from  1250  to  513  KPa  over  the  remaining  phases.  During  the 

test  qd  was  set  to  a  constant  value. 

Figure  3.44  is  a  q  vs  p"*  stress  plot  for  the  test,  and 
is  typical  of  all  tests  to  failure.  Note  that  the  test 
proceeded  for  some  distance  along  the  failure  envelope,  i.e. 
q  decreased  during  phases  K  and  L.  This  was  a  most 
unexpected  and  unusual  phenomenon,  because  the  pressure  to 
the  bellofram  controlling  a  ^  was  maintained  at  a  constant 
value,  (q  is  measured  by  a  load  transducer  external  to  the 
cell)  .  Although  it  seems  obvious  that  the  stress  path  must 


follow  the  failure  envelope,  the  author  is  unable  to  give  a 
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complete  explanation  of  the  mechanism  that  allows  it  to  do 
so.^  The  bellofram  was  well  within  its  range  of  operation 
throughout  the  test,  so  that  the  difference  between  the 
"applied"  and  measured  loads  cannot  be  attributed  to  energy 
lost  in  stretching  the  internal  diaphragm  in  this  device. 
Likewise,  the  rate  of  deformation  of  the  sample,  which  is 
controlled  by  the  rate  of  gas  exsolution,  was  much  too  slow 
to  attribute  the  difference  to  an  energy  associated  with 
sample  acceleration.  Another  possibility  is  that  the 
difference  in  "applied"  and  measured  loads,  which  is  forced 
to  exist  because  of  an  incompatibility  between  the  boundary 
conditions  of  the  test  and  the  failure  behaviour  of  the  soil, 
is  used  as  energy  which  modifies  (i.e.  increases)  the  natural 
rate  of  gas  exsolution  in  the  soil,  and  thus  slightly 
increases  the  rate  of  soil  deformation.  This  is  an 
interesting  area  for  consideration,  but  it  was  not  pursued 
further  during  the  course  of  this  research. 

Figures  3.45  &  3.46  illustrate  the  stress-strain 
behaviour  of  the  sample  as  it  was  failed.  Note  that  the  rate 
of  dilation  of  the  sample  (d£vol/dev,  Figure  3.46)  is  almost 
constant  throughout  the  test,  and  particularly  during 
failure.  This  constant  rate  of  dilation  was  observed  in  all 


Castro  (1969)  reports  on  a  series  of  load-controlled 
triaxial  tests  on  saturated  sand  samples  for  an  investigation 
of  liquefaction.  As  soon  as  the  stress  trajectory  in  one  of 
his  samples  touched  the  failure  envelope,  and  then  travelled 
down  it,  there  was  an  immediate  acceleration  of  the  sample, 
due  to  the  fact  that  the  load  on  the  vertical  ram  was  not 
balanced  by  a  resistance  in  the  sample.  No  such  acceleration 
of  deformations  was  encountered  in  the  present  tests. 
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the  tests  to  failure,  that  is,  in  both  the  gassy  and  gas-free 
undrained  tests,  and  in  the  drained  test. 

Figure  3.47  is  a  plot  of  cj^/o^  vs  sv.  The  maximum 
value  for  a^/oj  during  Test  No.  21  was  4.5,  indicating  a 
strength  of  <fi '  =  43.8  degrees. 

Figures  3.48  to  3.53  show  the  transient  behaviour  of 
the  soil  during  phases  G  to  L  of  the  test.  Note  that  the 
stress  path  for  the  sample  is  moving  closer  to  the  failure 
envelope  both  when  a  step  decrease  in  a 3  is  applied  and  when 
u  increases  in  response  to  gas  exsolution. 

Again,  the  form  of  the  transient  response  is  similar 
to  the  isotropic  and  anisotropic  cases,  except  that  for  Test 
No,  21,  with  decreasing  p'  to  failure,  vertical  strains  are 
compressive  and  horizontal  strains  expansive,  (and  the 
overall  volume  change  is  dilative) , 

The  decrease  in  q  with  time  during  phases  K  and  L, 
discussed  previously,  may  be  examined  in  Figures  3.52  &  3.53. 

Three  tests  to  failure  were  performed  on  undrained, 
gassy  soils,  two  by  decreasing  c3  {Tests  21  &  12) ,  and  one  by 

increasing  cD  (Test  22) .  For  comparison  one  additional  test 
was  performed  on  an  undrained,  gas-free  sample  (Test  14)  and 
one  on  a  drained  sample  (Test  13)  using  similar  stress  paths 
to  Test  No.  12.  The  test  results  were  comparable,  except 
that  Test  12  gave  a  slightly  higher  strength  of  <p '  =  44.5 
degrees  compared  to  <p'  =  41.8  degrees  for  the  drained  test. 
The  ultimate  strength  for  the  undrained  test  with  no  gas 
(Test  14)  could  not  be  determined  exactly,  because  the  pore 
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Figure  3.50 
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pressure  became 
results  from  all 


negative  before  the  onset  of  failure.  The 
the  tests  to  failure  are  located  in  Appendix 


3.3  SUMMARY 

This  chapter  has  reviewed  the  development  of  the 
laboratory  testing  equipment  and  the  performance  of  the 
tests,  and  has  presented  the  test  results.  No  analysis  or 
interpretation  of  these  results  has  been  attempted,  beyond 
those  comments  which  can  be  made  from  visual  inspection  of 
the  data,  and  those  which  are  useful  in  understanding  the 
general  nature  of  the  behaviour  of  gassy  soils. 

The  existence  and  importance  of  the  liquid-gas 
saturation  pressure,  P i/g,  (or  bubble  point)  has  been 
demonstrated  in  the  observed  pore  pressure  responses. 

An  evaluation  of  the  equilibrium  response  of  the  soil 
and  a  preliminary  analysis  of  the  transient  response  will  be 
made  in  Chapter  4.  A  complete  discussion  of  the  transient 
soil  behaviour  will  be  postponed  until  Chapter  5,  to  allow 
the  theoretical  considerations  to  be  developed  in  Chapter  5. 

It  is  appropriate  to  note  here,  however,  that  an 
examination  of  the  stress-strain  behaviour  of  gassy  soils  has 
indicated  that  such  behaviour  is  identical  to  soils 
containing  no  or  little  gas.  The  presence  of  large 
quantities  of  gas  in  the  sample  has  only  caused  a  change  in 
the  nature  of  the  pore  pressure  response,  and  introduced  a 


138 
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CHAPTER  4 


EVALUATION  OF  LABORATORY  TESTS 


UNDRAINED  EQUILIBRIUM  RESULTS 


4.1  GENERAL 

The  theoretical  considerations  for  the  equilibrium 
response  of  a  gassy  soil  have  been  discussed  in  Chapter  2, 
and  the  laboratory  tests,  conducted  in  part  to  demonstrate 
this  behaviour,  have  been  presented  in  Chapter  3,  This 
chapter  focuses  on  the  evaluation  of  the  equilibrium  test 
results,  in  an  attempt  to  verify  the  theoretical 
relationships . 

Various  soil  conditions  and  boundary  conditions  that 
introduce  "anomalies"  into  the  soil  behaviour  are  also 
described  and  modelled.  These  include  the  influence  of 
diffusion  of  gas  from  the  sample  to  the  cell  fluid,  testing 
of  the  sample  along  non-isotropic  stress  paths,  non¬ 
equilibrium  in  the  pore  fluid  at  the  start  of  one  phase  of 
the  test  (when  the  change  in  boundary  stress  is  applied) ,  and 
modification  of  the  test  results  due  to  the  presence  of 
dissolved  air.  Either  the  theory  or  the  analytical  technique 
is  changed  to  incorporate  these  effects. 

A  typical  test  (No.  11)  is  analyzed  and  a  comparison 
is  made  between  predicted  and  observed  pore  pressures  to 
evaluate  the  accuracy  of  the  undrained  equilibrium  model. 
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A  preliminary  assessment  of  the  observed  non¬ 
equilibrium  or  transient  behaviour  will  also  be  made,  with 
the  objective  of  more  closely  examining  the  form  of  the 
behaviour  and  of  establishing  a  basis  for  the  development  of 
a  more  precise  or  mathematical  statement  of  the  exsolution 
process.  The  theoretical  treatment  of  gas  exsolution  will 
then  be  developed  in  Chapter  5,  and  a  complete  evaluation  of 
the  observed  transient  response  made  in  Chapter  6. 

A  summary  of  all  the  successful  undrained  tests  is 
given  for  reference  in  Table  4.1. 

4.2  EQUILIBRIUM  BEHAVIOUR 

For  any  particular  phase  of  the  undrained  isotropic 
tests,  the  immediate  and  the  final  pore  pressure  responses 
may  be  predicted  using  equation  2.15b  and  the  proper  value  of 
Henryks  constant,  H.  For  the  immediate  response,  H  =  0, 
since  no  time  is  allowed  for  gas  exsolution.  For  the  long 
term,  or  equilibrium  response,  H  is  set  equal  to  the 
particular  value  appropriate  for  the  gas  and  liquid  involved, 
and  the  test  temperature,  (Figure  2.3). 

An  ability  to  predict  the  pore  pressure  is  predicated 
upon  a  knowledge  of  the  liquid  and  soil  skeleton 
compressibilities,  the  initial  porosity  and  saturation,  the 
initial  pore  pressure  and  the  change  in  total  stress.  The 
initial  porosity,  pore  pressure,  and  change  in  total  stress 
are  all  measured  quantities.  The  soil  skeleton 
compressibility  may  be  obtained  from  the  volume  change 


TABLE  4 . 1 


SUMMARY  OF  UNDRAINED  TESTS 


TEST  NO.  DATE  STRESS  PSUEDO-  FAILURE 

RATIO  DRAINED  ? 

PHASE? 


7 

XI/16-23/79 

1 

yes 

no 

9 

I  / 08-22/ 80 

1 

yes 

no 

11 

III/ 04-07/80 

1 

yes 

no 

12 

IV/11-20/80 

3 

no 

yes 

15 

VII /4 -20/80 

1.5 

no 

no 

21 

11/13-20/81 

2 

no 

yes 

22 

111/10-12/ 81 

2 . 5 

no 

yes 

23 

IV/2 1-23/81 

1 

no 

no 
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measurements.  The  saturation  at  the  beginning  of  a  test  is 
calculated  from  a  3-test  performed  after  the  water  and 
dissolved  CO  2  gas  is  drained  into  the  sample,  but  before  the 
commencement  of  the  first  phase  of  the  test,  and  at  a 

pressure  above  the  CC^/i^O  saturation  pressure.  Subsequent 
saturations  at  the  beginning  of  each  phase  of  the  test  are 
calculated  using  the  initial  saturation  plus  the  measurements 
of  volume  change. 


In  these  calculations  the  compressibility  of  water  is 
assumed  to  be  4.5  3-7  K?a”^  (Fredluna,  1973). 

An  example  has  been  given  previously  (Section  2.6)  of 
the  theoretical  response  for  two  samples  with  similar  initial 
stress  conditions  to  Test  No.  11,  one  using  H  =  0.86  and  one 
using  H  =  0.02,  and  both  assuming  S.  =  100%. 


The  following  sub-sections  will  investigate  various 
aspects  of  the  testing  technique,  or  of  the  sample  itself, 
which  caused  the  behaviour  of  the  soil  to  vary  from  the 
" ideal”  case  discussed  in  Chapter  2.  Modifications  to 
incorporate  these  effects  are  suggested. 

4.2.1  Effects  of  gas  diffusion  and  leakage 

It  is  to  be  expected  that  some  gas  will  be  lost  due  to 
diffusion  through  the  sample  membrane  and  into  the  cell  fluid 
(Section  3.3.1).  Loss  of  gas  or  liquid  may  also  occur  due  to 
leakage,  although  tests  to  measure  this  source  of  mass  loss 
yielded  rates  several  orders  of  magnitude  less  than  that  due 
to  gas  diffusion  (Table  3.1,  Tests  MlOa  &  MlOb) . 
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Evidence  for  loss  of  gas  from  the  sample  exists  in  all 
tests  performed.  Each  phase  of  the  undrained  tests  was 
typically  monitored  for  50  -  100  minutes,  until  the  transient 
pore  pressure  response  was  clearly  becoming  asymptotic  to 
some  maximum  value.  Usually,  the  next  phase  was  commenced 
immediately,  but  in  a  few  cases  the  sample  was  left  overnight 
and  the  next  phase  was  started  in  the  morning.  An  example  is 
phase  G  of  Test  No,  11  (Figure  3-27)  which  was  monitored  for 
a  period  of  900  minutes.  During  phase  F  of  Test  No.  15 
(Appendix  D)  ,  the  pore  pressure  was  monitored  for  a  total 
period  of  560  minutes.  At  zero  time  the  pressure  was  467 
KPa,  and  this  rose  rapidly  and  then  became  asymptotic  to  a 
maximum  value  of  545.8  KPa  at  t  =  125  minutes.  The  pressure 
stayed  at  this  maximum  value  until  t  =  200  minutes  and  then 
gradually  decreased  to  523  KPa  at  t  =  560  minutes,  for  an 
average  dp/dt  =  -3.7  KPa/hour.  A  similar  response  at  the  end 
of  Test  15  yielded  a  rate  of  decrease  of  pressure 
dp/dt  =  -0.9  KPa/hour. 

A  method  of  evaluating  test  results,  allowing  for  gas 
diffusion,  will  be  discussed  in  section  4.4. 

4.2.2  Evaluating  non-isotropic  tests 

The  application  of  a  non-isotropic  stress  change  to  an 
undrained  sample  of  soil,  such  as  in  the  case  of  the  constant 
K  tests  or  the  tests  to  failure,  requires  the  additional 
consideration  of  sample  pore  pressure  changes  caused  by 
deviatoric  stresses.  This  topic  was  first  addressed  by 


Skempton  (1954)  ,  who  developed  the  equation: 
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Au  =  3  *  (Ag3  +  A  *  (  A  cx  -  A  o  3 )  )  (4.1) 

where  au  comprises  two  parts,  au ,  the  change  in  pore 
pressure  due  to  an  isotropic  stress  change,  and  Au^,  the 
change  in  pore  pressure  due  to  a  deviatoric  stress, 
(Skempton^s  discussion  was  oriented  towards  the  triaxial 
test,  where  A g3  =  Ag3) 

Thus : 

Au  =  Aua  +  AUd  (4.2a) 

Aua  =  B  *  Ag3  (4.2b) 

Aud  =  A  *  3  *  (Ag  ]_  -  Ag  3 )  (4.2c) 

Skempton  (1954)  also  demonstrated  that  for  a  soil 
behaving  in  a  linear,  elastic  manner,  (and  for  the  "triaxial 
case" ) , 


A  =  1/3 

so  that  any  deviation  of  A  from  a  value  of  1/3  is  a 
measurement  of  the  influence  of  shear  stress  on  volumetric 
strain .  As  noted  by  Skempton,  "from  a  physical  point  of 
view,  the  pore  pressure  equation  is  best  written  in  the  form: 

Au  =  3*{l/3*  (Ag1+2*Ag3)  +  (3A-1)/3*  (Ag1-Ao3)  }  (4.3) 


since  this  shows  that,  for  a  material  behaving  in  accordance 
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with  elastic  theory,  with  A  =  1/3,  the  pore  pressure  depends 
solely  on  the  mean  principal  stress,  whereas  in  soils  with 
A  /  1/3  the  pure  shear  stress  has  a  marked  influence  on  the 
pore  pressures" . 

Recalling  that  equations  2.15a  &  b  were  developed  by 
combining  equations  2.3b,  2.10  and  2.14c  in  the  form: 

AVT  *  Avi  +  Avg' 

it  is  clear  that  the  modifications  necessary  to  derive  a 
solution  for  Au  lie  in  the  term  AVT,  which  depends  on  the 
constitutive  relationship  for  the  soil  skeleton.  AV^  an^  AVg 
depend  on  Au  only  and  so  are  not  affected  by  the  stress  path 
directly . 

Harris  &  Sobkowicz  (1977)  used  the  approach  of 
modifying  the  normal  constitutive  relationship  for  an  elastic 
soil  in  the  manner  suggested  by  Skempton  (op.cit.).  Thus, 
for  the  triaxial  test, 


avt  = 


Vrn  *  ~  “  Vr-  * 


T  "  bvol  ~  "VT  ■■  ^33 
=  -VT  *  ((l+v)/E  *  Ojj  -  6jj*v*ok.'/E) 

=  -VT  *  (l-2v)/E  *  okk 


but  since  a-o  =  °33 


=  -V  *  (l-2v)/E  *  (UxJ  +  2*033) 
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and  if  ST  =  3*  (l-2v)/E 

VT  *  *  (q3  3  +  l/3*(c]_2_  -  033) 

for  the  elastic  case,  or  for  the  more  general  case: 

*  6<j>  *  (033  +  A  *  (ail  -  a 33)  (4.4a) 

Equation  4.4a  is  analagous  to  equation  2,14b  (in  terms 
of  effective  stresses)  and  can  be  written  in  terms  of  total 
stresses  as: 


A^p  -  “Vt  *  3t  *  (  (Aa3+A*  (Aaq“Acj3)  ) -Au)  (4,4b) 

Combining  equations  2.10,2.8b  and  4.4b  then  produces  a 
solution  for  Au  indentical  to  equation  2.15b,  except  that  Ac 
is  replaced  by  Ao^  4-  a*  (hc.^_ Ao^) 

For  the  stress  path  of  K  =  =  constant, 

equation  4.4a  can  be  simplified  further  to: 

AVt  =  _vT  *  6t  *  (1+A* (K~l) ) * (Ac3-Au)  (4.4c) 

and  again  a  solution  for  Au  is  found  equivalent  to  equation 
2.15b,  but  replacing  3T  by  BT*  (1+A*  (K-l)  .  The  constant  K 
tests  can  then  be  analyzed  in  a  similar  manner  to  the 
isotropic  tests,  but  defining  the  compressibility  as: 
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=  0T  *  <1+A*(K-1) 

~  \  — *  (AV1J1/AG3) 


(4.5) 


As  discussed  previously,  for  K  <  2.5,  g'  *  $T,  suggesting 
that  A  is  close  to  zero.  For  the  tests  to  failure,  A  was 
significantly  different  from  zero. 

The  above  discussion  is  based  upon  a  knowledge  of  the 
parameter  A.  As  has  been  shown,  A  can  be  measured  directly 
during  the  constant  K  tests,  and  may  also  be  determined  as  a 
function  of  K  for  the  tests  to  failure. 

An  alternative  and  more  sophisticated  approach  has 
been  taken  by  Byrne  et.al.  (I960)  ,  who  model  the  soil  in  a 
non-linear  elastic  manner.  Shear  dilatancy  is  incorporated 
by  the  use  of  a  linear  relationship  between  plastic 
volumetric  strain  and  shear  strain,  for  shear  strains  above 

that  developed  for  <PCV.  Undrained  pore  pressure  changes 
around  a  tunnel  due  to  unloading  at  the  tunnel  face  are 
solved  using  a  finite  element  analysis  and  iterating  on  A u . 

For  the  purposes  of  this  thesis,  a  comparison  of 
predicted  and  observed  pore  pressure  behaviour  during  the 
laboratory  tests  will  be  made  using  equation  2.15b,  modified 
where  necessary  to  include  the  parameter  A.  Non-linearity  in 

the  soil  compressibility  eT<,  can  aiso  be  modelled.  It  will 
be  convenient  to  use  a  linear  e  vs  log  relationship,  with 
a  constant  value  of  for  any  particular  phase  of  the  test. 
This  means  that  will  vary  continuously  with  CJ3,  and  hence 
indirectly  with  Au.  This  effect  will  be  included  by  assuming 
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equation  for  au,  and  the  iteration  on  au  continued  until  the 
convergence  criteria  is  met. 

4.2.3  Non  equilibrium  at  the  start  of  a  test 

The  solutions  discussed  in  sections  2.5  and  4.2.2  have 
both  assumed  that  the  pore  fluid  is  at  equilibrium  with 
respect  to  dissolved  gas  concentration  at  the  beginning  of 
the  analysis,  when  the  total  stress  change  is  applied.  In 
practical  terms,  this  would  require  that  sufficient  time  be 
given  during  one  phase  of  a  test,  so  that  at  the  beginning  of 
the  ensuing  phase,  when  a  step  decrease  (or  increase)  in 
total  stress  was  made,  the  exsolution  process  from  the 
previous  phase  would  have  been  completed.  This  is  not  always 
possible.  Because  of  the  asymptotic  nature  of  the  pore 
pressure  response,  this  would  require  a  time  interval  of  long 
duration,  which  would  not  be  compatible  with  the  limitations 
of  the  testing  apparatus. 

However,  if  the  liquid/gas  saturation  pressure  is 
known  for  the  pore  fluid,  or  if  measurements  of  pressure  and 
saturation  are  made  at  some  point  of  equilibrium,  a  solution 
to  the  expected  equilibrium  response  can  be  found.  The 
equilbrium  solution  outlined  in  section  2.5,  and  in 
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particular  the  equation  relating  the  change  in  volume  of  free 
gas  (equation  2.10),  is  modified  to  include  the  effect  of 
initial  gas  disequilibrium.  First,  it  is  necessary  to 
determine  the  total  amount  of  gas  in  the  system: 

(a)  If  the  pore  fluid  is  at  equilbrium  with  respect  to 
dissolved  gas  at  some  pressure  P,  and  the  saturation  is 
S,  then  the  total  equilibrium  volume  of  dissolved  and 
free  gas  at  P  is: 


Vtg  =  (1  -  S  +  H*S)  *  V, 


(4.6a) 


(b)  If  the  liquid/gas  saturation  pressure  is  P,^,  an<f} 
the  volume  of  water  in  the  sample  is  V  then  the  total 
equilibrium  volume  of  dissolved  and  free  gas  at 

?  =  Pl/g  is: 


V,  =  u  *  v 
tg  n  vw 


(4.6b) 


Since  P  *  V  =  constant,  the  constant  K"  is  defined  as: 


K"  =  ?1/g  *  H  *  Vw  =  P  *  ( 1-S+H*S)  *  Vv  (4.6c) 

Thus  K'  is  the  total  equilibrium  volume  of  dissolved  and  free 
gas  in  the  pore  space  at  pressure  P,  multiplied  by  P. 

Now,  consider  an  element  of  soil  with  initial  volumes 
of  free  gas  V  °  and  water  Vw  (as  in  section  2.4.4).  Notice 
now,  however,  that: 
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vtg  *  Vfg  +  H  *  V 

since  the  pore  fluid  is  temporarily  either  under saturated  or 
over  saturated  with  gas.  If  the  pressure  in  the  pore  fluids 
is  Pq,  then: 


V 


0 

tg 


K' /IP 


0 


and  if  the  soil  element  is  to  undergo  a  change  in  boundary 
stresses  such  that  the  equilibrium  pressure  P.  fs 
established,  then: 


Vtg  =  X'/Pl 

and  therefore  the  change  in  volume  of  free  gas  in  the  system 
is : 


AV 


fg 


_  v  _  i  -  v .  o 

-  vrg  tg 


=  (KVPX  -  H*VW)  -  Vf 


0 


(4.7) 


Combining  equations  4.7,  2.8b,  and  2.14c  (or  4.4b,  or  4.4c) 


K"/(Pq  +  Au)  -  H*VW  -  Vfg  “  u  = 


*  Vrp  *  (  Ac  —  A  u ) 


* 


(4.8a) 
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Again,  a  quadratic  solution  is  found  for  Au: 

A  *  Au2  +  B*Au  +  C  =  0  (4.3b) 

A=3T  +  n*S*31 

B  ~  (3  T*  (Pq-  Ac)  +  n*  (  31*S*P0+1-S+S*H) 

C  =  Pq  *  (-3T*Aa+n* (1-S+S*H) ) -K"/VT 

A  comparison  with  equation  2.15b  will  confirm  that  the 
terms  for  A  and  3  are  equivalent.  The  term  C  is  different, 
because  it  reflects  the  effect  of  the  initial  fluid/gas 
disequilibrium.  Equation  2.15b  may  still  be  recovered  from 
(4. 8b)  by  specifying  equilibrium  at  Pq ,  Then: 

K'  =  Pq* (1-S+H*S) *v£ 

and 

C  =  P0*(-6T*Ao+n*(l-S+S*H) )-P0*(l-S+S*H) *V°/VT 
=  -6T* 

Note  in  general,  however,  that  the  terms  n,  S,  and  v  j_a 
equation  4,3b  refer  to  values  measured  at  P  =  Pq  and  t  =  0, 
whereas  the  expression  for  K'*  in  equation  4.6c  incorporates 

the  terms  S  and  measured  at  some  pressure  P  when  the 

system  is  at  equilibrium.  Hence  the  term  K' /V  cannot  in 

J. 

general  be  simplified  in  equation  4.8b.  In  the  special  case 
where : 
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K'  =  P 


,  z  *  h  *  V 
1/q  n  yw' 


since  Vw  ^  constant 


KWt  =  n  *  S  *  H  *  P1/'g 


where  n  refers  to  the  porosity  and  S  the  saturation  at 
P  =  P 

O' 

If  the  saturation  is  known  at  any  pressure  at  which 
the  pore  fluid  and  free  gas  are  in  equilibrium,  then  the 
liquid/gas  saturation  pressure  can  be  found  from  equation 
2.10  by  setting  =  0  and  AV-^  -  _Vf g r  to  get: 


Pl/g  =  ?0  +  AP  =  Pq  *  (1-S+S*H)/(S*H) 


(4.9) 


4.2.4  Modification  of  test  results  due  to  dissolved  air 

It  was  found  that  the  pore  fluids  used  during  the 
tests  were  also  saturated  with  air,  and  that  the  air/H?o 
saturation  pressure  was  generally  higher  than  the  CO^/h^o 
saturation  pressure.  The  introduction  of  air  into  the  pore 
fluid  occurred  in  at  least  two  stages  of  the  pore  fluid 
preparation : 

(a)  As  the  water  was  being  saturated  with  C09  in  the 
bubble  chamber,  minor  amounts  of  air  were  also  being 
introduced,  because  air  was  the  main  "contaminant"  in 
the  CC>2  source  (approximately  1%).  Since  Ha^r  <<  HC02' 
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it  is  quite  likely  that  the  water  became  saturated  with 
both  air  and  CO^  in  the  bubble  chamber. 

(b)  After  the  CC^  saturation  sequence  was  completed  in 
the  bubble  chamber,  the  pressure  of  this  fluid  was 
normally  raised  100  to  200  KPa  to  keep  the  C0o  in 

solution  and  allow  the  movement  of  gas-saturated  water 
into  the  sample.  This  pressure  was  applied  using  a 
regulated  air  source,  so  that  some  time  was  available 
to  drive  more  air  into  solution,  i.e.  to  make 

PH20/air  >  PH20/C02* 

The  sample,  then,  at  the  beginning  of  the  undrained 
portion  of  a  test,  is  likely  to  be  saturated  with  respect  to 
air  in  water,  and  undersaturated  with  respect  to  CO^  in 
water.  The  pore  pressure  response  on  unloading  will  be  a 

composite  of  that  behaviour  illustrated  in  Figures  2.5  and 

2.6,  As  long  as  ?co2/h2o  <  p  <  Pair/H20'  the  response  is 

similar  to  that  for  an  unsaturated  soil,  whereas  when 

p  <  PC02/H20'  the  response  becomes  that  of  a  gassy  soil. 
This  phenomenon  was  observed  in  practically  all  tests 
performed,  but  was  particularly  noticeable  in  Test  No.  9, 
(Figure  4.2), 
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4.3  PORE  PRESSURE  RESPONSE 

4.3.1  Isotropic  tests 

Plots  of  pore  pressure  vs  total  stress  and  the  pore 
pressure  parameter  B  vs  total  stress  are  presented  for  Test 
No.  7,  9,  11,  and  23  in  Figures  4.1  to  4.4  respectively. 

The  results  of  Tests  No,  11  and  23  are  closely 
illustrative  of  the  gassy  behaviour  circumscribed  in  Figure 
2.5.  Test  No.  7  shows  an  apparent  increase  in  long  term 
pressure  with  decreasing  total  stress  in  the  range 
600  >  a  >  450  KPa.  This  is  due  to  the  fact  that  several 
phases  of  the  test  were  started  a  substantial  time  before 
equilibrium  had  been  established  in  the  previous  phase,  so 
that  the  plot  shown  is  not  a  true  equilibrium  curve.  As 
mentioned  above,  Test  No.  9  includes  air  exsolution  rather 

than  CO2  exsolution  in  the  first  several  phases  of  the  test, 
so  that  the  u  vs  curve  for  1200  >  a  >  900  KPa  does  not  form 
a  plateau,  but  shows  a  gradual  decrease  in  pressure. 

4.3.2  Constant  X  tests 


Similar  plots 

for  Tests  No.  12,  15, 

21 

and  22  are 

g  iven 

in  Figures  4.5 

to  4.8  inclusive.  None 

of 

these  tescs 

were 

taken  to  zero 

effective  stress,  (because 

the  samples 

were  later  to  be  failed)  ,  so  that  only  a  part  of  the  gassy 
soil  behaviour  is  portrayed.  Tests  15  and  21  include  the 
results  of  unloading  and  reloading  the  sample. 
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S-RESPGNSE,  TEST  NO.  /. 


Figure  4 . 1 
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Figure  4.2 
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Figure  4 . 4 
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Figure  4 . 7 
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4,3.3  Tests  to  failure 

The  variation  of  pore-pressure  and  the  parameter  B  can 
be  plotted  against  in  a  similar  manner  to  the  previous 

tests,  since  failure  was  induced  by  decreasing  the  cell 
pressure,  (for  Tests  No.  12  &  21)  .  During  the  initial 

portions  of  these  tests,  the  influence  of  shear  strain  on 
volumetric  strain  is  small  (A  *  1/3)  and  the  behaviour  is 

similar  to  an  isotropic  test.  As  K  increases,  however,  and 
the  sample  approaches  failure,  shear  dilation  becomes  more 
important,  and  the  sample  begins  to  undergo  large  volumetric 
strains.  This  is  a  similar  response,  in  terms  of  volumetric 
strain  and  pore  pressure,  to  when  a  sample  subjected  to 
isotropic  stress  changes  approaches  <j  ^  ~  0.  Pore  pressures 
begin  to  decrease  and  the  B-parameter  increases  with 
continued  unloading. 

This  behaviour  is  illustrated  in  Figures  4.9  to  4.10. 

4.4  COMPARISON  OF  OBSERVED  AND  PREDICTED  BEHAVIOUR 

Using  the  theoretical  relationships  for  undrained, 
gassy  soil  behaviour  developed  previously  (Sections  2.5  & 

4.2),  it  is  possible  to  make  a  comparison  between  the 
predicted  pore-pressure  response  and  that  observed  in  the 
laboratory.  A  typical  undrained  test  (Test  No.  11)  will  be 
analyzed  and  evaluated  in  this  section.  The  examination  of 
other  test  results  will  be  postponed  until  Chapter  6,  where  a 
more  comprehensive  appraisal  is  made  of  the  predictive 
capabilities  of  both  the  equilibrium  and  transient  models. 
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Figure  4 . 9 
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B-RESPONSE,  TEST  NO.  21F. 
Figure  4.10 
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The  analysis  of  equilibrium  behaviour  undertaken  here 
will  use  the  following  two  methods: 

(a)  Method  #1  :  The  assumption  will  be  made  that  no  gas 
is  lost  from  the  sample  by  diffusion  through  its 
membrane.  Given  the  initial  conditions  of  the  test  and 
the  change  in  total  stress  applied  at  the  beginning  of 
each  phase,  the  analysis  can  proceed  in  a 
self-consistent  manner,  using  computed  values  of  pore 
pressure,  porosity  and  saturation  at  the  end  of  one 
phase  as  input  parameters  for  the  beginning  of  the  next 
phase . 

(b)  Method  #2  :  This  method  attempts  to  incorporate  the 
effects  of  loss  of  gas  from  the  sample  (by  diffusion 
into  the  cell  fluid)  .  To  do  this,  each  phase  is 
analyzed  separately,  using  as  input  parameters  for  u,  n 
and  S  the  values  actually  measured  during  the  test. 
Any  loss  of  gas  during  a  previous  phase  of  the  test  is 
reflected  in  lower  porosities  and  higher  saturations 
than  would  normally  be  expected.  These  "adjusted” 
values  can  be  used  for  the  analysis  of  the  pore 
pressure  behaviour  during  the  current  phase  of  the 
test . 

Since  the  pressure  at  the  beginning  of  a  phase  is 
not  actually  an  equilibrium  pressure  established  from 
the  previous  phase,  but  has  a  value  slightly  lower,  the 
for  the  preceding  phase  is  estimated  by  using  a 

maX 


non-linear  "least-squares" 


of  the  pressure- 


analysis 


167 


time  data,  (this  is  discussed  in  the  next  section). 
Then  equation  4.9  is  applied  to  calculate  the  current 
liquid/gas  saturation  pressure.  (If  gas  is  being  lost 


from  the 

sample , 

?i/g 

will  decrease 

as 

the  test 

proceeds . ) 

Knowing 

u ,  n 

,  s 

and  P1/g  at 

the 

beg  inning 

of  the  phase,  P 

*  max 

for 

the 

end  of  the 

phase  can  be 

calculated  using  equation  4.8b.  To  be  meaningful,  the 

calculated  ?max  must  be  compared  to  that  value 
extrapolated  from  the  laboratory  or essur e-time  data. 


An  appraisal  of  the  success  of  the  numerical  model  may 
then  be  made  by  comparing  predicted  and  observed  values  of 
the  immediate  pore  pressure,  the  immediate  value  of 
3  (=Au/Ao) ,  the  equilibrium  pore  pressure,  the  equilibrium 
value  of  B,  and  for  Method  #1,  the  values  of  saturation  and 
porosity  at  the  end  of  each  phase. 

Table  4.2  was  compiled  to  assist  in  the  analysis  of 
the  test  results.  It  summarizes  the  initial  values  of 
porosity,  saturation,  total  stress  and  pore  pressure  observed 
for  each  phase  of  Test  11,  as  well  as  the  total  stress  change 
applied  at  the  beginning  of  the  phase  and  the  compression 
index  measured  during  the  phase.  The  initial  saturation  for 
phase  A  was  obtained  from  a  3-test  performed  at  a  pore 


pressure  above  the  liquid-gas  saturation  pressure,  and  for 
subsequent  phases  was  calculated  from  the  volume  change  data. 
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TABLE  4.2 

INITIAL  CONDITIONS  FOR  TEST  NO.  11 


PHASE 

N 

(%) 

S 

(%) 

***** INITIAL  VALUES 
atKPa)  U  (KPa) 

*  it  ★  *  'k  x  * 

Ag (KPa) 

A 

3t  =  9* 

,  -6  -1 

10  KPa 

32.28 

99.75 

1403.3 

652.3 

-81.3 

B 

.0233 

32.30 

99.67 

1322.4 

600.4 

-101. 

C 

.0159 

32.33 

99.54 

1220.5 

551.2 

-109. 

D 

.0138 

32.36 

99.38 

1112.1 

506.8 

-133. 

E 

.00912 

32.42 

99.11 

978.2 

509.6 

-95.2 

F 

.00912 

32.46 

98.93 

883.6 

507.4 

-117 . 

G 

.00766 

32.53 

98.62 

766.4 

505.7 

-113. 

H 

.00653 

32.61 

98.27 

654.9 

489.4 

-96.7 

J 

.00658 

32.69 

97.90 

559.0 

481.1 

-101. 
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Analysis  #1  was  then  performed  using  the  initial 
conditions  for  Phase  A  of  n  =  32.28%,  S  =  99.75%, 
a  =  1403.3  K?a,  u  =  652.3  KPa  and  6m  =  9E-6  KPa”-1"-  The 
predicted  values  of  A u  and  B  (immediate  and  equilibrium),  as 
well  as  all  other  calculated  quantities  for  phases  3  through 
J  are  shown  in  Table  4.3.  During  Phases  A  &  B ,  only  air  was 
exsolving  from  the  pore  fluid  and  so  a  value  of  H  =  0.02  was 
used.  The  sample  was  assumed  to  be  at  equilibrium  at  the 
beginning  of  phase  A,  yielding  a  ?air/H2o  =  746.7  KPa. 
During  phase  C,  CO^  began  to  exsolve  and  it  was  found  that 

?C02/H20  was  ci°se  to  520  KPa,  (this  is  slightly  higher  than 
the  backpressure  of  505  KPa  maintained  in  the  bubble  chamber 

during  sample  preparation) .  It  was  not  possible  to  finish 
the  analysis  of  phase  J,  since  the  condition  of  zero 
effective  stress  was  being  approached.  It  is  likely  that  the 
actual  compressibility  of  the  soil  skeleton  during  the  latter 
part  of  phase  J  is  not  being  adequately  modelled  with  a 
constant  compression  index. 

The  only  additional  input  at  the  beginning  of  each 
phase  in  analysis  #1  is  the  changing  compression  index,  and 
the  applied  total  stress  change. 

Analysis  #2  was  performed  and  the  calculated  pore 
pressure  response  is  given  in  Table  4.4.  This  table  also 
contains  the  measured  pore  pressures,  and  those  predicted 
from  analysis  #1,  for  comparative  purposes.  The  information 
summarized  in  Table  4.4  is  presented  graphically  in  Figure 


4.11. 
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TOTAL  STRESS  (KPa) 


Figure  4.11  -  Comparison  of  observed  and  predicted  pore  pressures  for 

Test  No .  11 
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A  perusal  of  Figures  4.1  to  4.10,  discussed 
previously,  will  have  established  already  the  veracity  of  the 
concept  of  gassy  soil  behaviour,  and  will  have  illustrated 
the  general  correspondence  between  the  theoretical  and  the 
observed  responses.  A  careful  scruitiny  of  Tables  4.2  to 
4.4,  and  Figure  4.11,  will  allow  a  quantitative  assessment  of 
the  accuracy  of  the  theory.  The  following  points  should  be 
noted : 

(a)  The  predictive  capability  of  the  theory  is 
extremely  good,  particularly  for  the  equilibrium  (or 
long  term)  response. 

(b)  Analysis  #1  predicts  long  term  pressures  slightly 
on  the  high  side  towards  the  end  of  the  test..  This 
would  be  expected  if  the  sample  had  accumulated  a 
measurable  loss  of  gas.^- 

(c)  There  seems  to  be  a  better  correlation  for  short 
term  pore  pressures  between  Analysis  #1  and  the 
observed  values  than  with  Analysis  #2.  Generally, 
analysis  #1  predicts  values  equivalent,  to  a  little 
high,  whereas  analysis  #2  predicts  values  7-10  KPa 
too  low.  The  better  correlation  for  analysis  #1  is 
probably  fortuitous,  however.  From  an  examination  of 
Tables  4.2  and  4.3  it  is  evident  that  predicted  values 
of  n  are  too  high  and  of  S  are  too  low  for  Analysis  #1, 
indicating  that  the  sample  has  indeed  lost  gas  during 

J'In  this  discussion  the  loss  of  gas  will  be  understood  to  be 
due  to  diffusion  through  the  membrane  into  the  cell  fluid. 
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the  test.  The  lower  values  of  S  input  in  analysis  #1 
are  what  force  the  initial  pore  pressure  response  to  be 
higher  than  for  analysis  #2.  It  was  expected,  before 
any  analyses  had  been  undertaken,  that  the  observed 

immediate  pore  pressures  might  be  high  compared  to 
predicted  values,  because  there  was  a  time  lapse  of  15 
30  seconds  between  reducing  the  total  stress  and 
taking  the  first  reading  at  the  beginning  of  a  phase. 
Since  the  pressure  vs  time  curve  is  quite  steep  at  t  = 
0,  it  was  possible  that  the  true  "  immediate"  response 
of  the  sample  was  not  being  accurately  recorded. 

(d)  The  existence  of  loss  of  gas  from  the  sample  has 
been  clearly  demonstrated  by  direct  observation,  i.e. 
the  membrane-gas  diffusion  tests,  and  those  phases  of 
the  undrained  tests  monitored  for  more  than  several 

hours,  in  which  the  pressure  initially  increases, 
plateaus,  and  then  decreases.  This  is  also  implied  in 

the  observed  values  of  Pmax  for  each  phase,  which 

progressively  become  smaller  than  the  calculated 
equilibrium  values  as  the  test  proceeds.  (Analysis  #2, 
which  partially  accounts  for  gas  loss,  is  more  capable 
of  predicting  this  behaviour.)  This  is  reflected  in  a 
decreasing  value  of  (column  2,  Table  4.4),  since 

Pl/g  is  calculated  from  Pmax. 
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It  should  be  emphasized  that  the  above  critique  of  the 
theoretical  model  is  not  meant  to  detract  from  its  remarkable 
capability  to  predict  the  immediate  and  equilibrium  response 
of  a  gassy  soil.  The  deviations  of  predicted  from  observed 
behaviour  are  of  a  secondary  nature  and  are  adequately 
explained  by  the  peculiarities  of  the  testing  equipment  and 
technique , 

Analyses  of  the  other  isotropic  tests,  and  of  the 
anisotropic  tests  (using  a  modified  $  as  discussed  in 

j.  r 

section  4.2.2),  have  been  in  complete  agreement  with  the 
conclusions  and  criticisms  discussed  in  this  section. 
Recognizing  as  well  that  the  theoretical  model  has 
demonstrated  the  ability  to  correctly  assess  the  behaviour  of 

soils  containing  air  or  CO^ r  it  is  appropriate  to  state  that 
the  laboratory  program  has  confirmed  the  predictive  accuracy 

of  the  theoretical  equilibrium  model.  This  may  seem  to  be  a 
mute  point,  as  it  has  implicitly  been  accepted  by  many 
authors  in  their  work  on  unsaturated  soils.  The  extention  of 
the  concepts  from  unsaturated  to  gassy  soils  has  predicted 
remarkably  different  undrained  soil  behaviour,  however,  which 
has  called  for  experimental  verification  in  addition  to  field 
support.  To  the  author^s  knowledge,  the  experimental 
approach  adopted  herein  is  the  first  direct  method  of 
quantitatively  assessing  the  theory 
unsaturated  or  gassy  soil. 


for 


either 


the 
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4.5  NON-EQUILIBRIUM  BEHAVIOUR 

While  performing  the  equilibrium  analyses  for  the 
undrained  tests,  it  became  evident  that  a  method  of 
estimating  ?rnax  for  each  phase  of  the  test  was  necessary. 
Given  a  set  of  data  relating  the  pore  pressure  u  to  time  t, 
covering  an  interval  of  time  At  =  60  -  100  minutes,  what  was 
the  value  of  u  at  infinite  time?  Although  the  tests  had  been 
performed  for  long  enough  intervals  to  establish  the 
asymptotic  nature  of  the  response,  a  visual  estimation  of 

Pmax  was  not  sufficiently  accurate  for  analytical  purposes. 

Engineers  have  a  predilection  for  linear 
relationships,  and  often  in  seeking  a  functional  correlation 
for  two  variables  will  first  consider  those  functions  that 
can  be  reduced  to  a  linear  form.  Such  functions  include: 


(a) 

y  =  m 

*  x  +  b 

(b) 

y  =  m 

*  ln(x)  +  b,  or 

a*xin  =  e^ 

(c) 

In  (y) 

=  m  *  ln(x)  +  b. 

or  y  =  a*xm 

(d) 

In  (y) 

=  m  *  x  +  b,  or 

y  =  e (m*x+b)  _  a*cx 

Unfortunately,  these  functions  are  not  useful  in  the 
analysis  of  the  laboratory  pressure-time  data,  since  the 
pressure  becomes  asymptotic  to  some  maximum  value,  whereas 
the  functions  (a) to  (d)  above  are  all  continually  increasing 
with  x.  It  is  interesting  to  note  that  for  function  (c) ,  if 


0<m<l,  then 
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dy/dx  =  a*m*x^rn“1) 
lim(x->oo)  dy/dx  =  0 

However,  the 

lim(x->co)  y  =  oo 

so  that  this  function  still  does  not  possess  a  true 
asymptotic  character.  Attempts  to  fit  the  pr essur e- time  data 
of  phase  11D  with  functions  (c)  &  (d)  above,  as  well  as  to  a 

polynomial,  are  illustrated  in  Figures  4.12-14.  It  may  be 
seen  that  none  of  these  functions  produce  a  suitable  fit  to 
the  observed  data. 


Two 

functions 

that 

have 

an  asymptotic  nature 

were 

used 

to  fit  the 

pressure- 

time 

and 

volumetric  strain  vs 

time 

data 

for  all  the  undrained  tests: 

(a)  Hyperbolic  Tangent  Function  (Figure  4.15) 

'u  umin)/(3  ~umin) =tanh (t/ A  ) 

(b)  '’Quotient  +  1"  Function: 

Umin)/(B  “umin) =t/ ( t+A  ) 

where  u,t  =  current  values  of  pore  pressure  and  time 

umin  =  Pore  Pressure  at  time  =  0 

S'"  =  uraax  =  pore  pressure  at  infinite  time 

A'*  =  scaling  parameter 


U-UMIN  (KPH)  PORE  PRESSURE  (KPfl) 
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Figures  4.12  and  4.13 
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Figures  4.14  and  4.15 
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Figure  4.15  was  generated  to  illustrate  the  nature  of 
the  hyperbolic  tangent  function.  The  test  results  could  not 
be  fit  to  either  function  (a)  or  (b)  by  this  visual  method, 
because  a  goodness-of-f i t  criteria  was  lacking,  and  also 
because  needed  to  be  specified . 

It  was  possible  to  fit  either  of  these  functions  to 
the  data  using  a  non-linear  least-squares  analysis,  where 
both  A'  and  3'  were  allowed  to  vary  to  establish  a  "best 
fit".  This  was  accomplished  using  the  program  BMDPAR, 
Derivative-free  Nonlinear  Regression,  which  is  part  of  a 
statistical  package  of  Biomedical  Computer  Programs 
(?-Series,  1979)  developed  at  the  Health  Sciences  Computing 
Facility,  UCLA.^ 


Figures  4.16-24  illustrate  the  best-fit  curves  for 
both  functions  obtained  by  this  method  for  phases  A  to  J  of 
Test  No.  11.  It  is  clear  that  the  "Quotient  +  1"  function 
provides  a  better  fit  than  the  hyperbolic  tangent,  and  in 
most  cases  visually  appears  to  have  an  almost  perfect 
conformity  with  the  data.  Except  in  the  unusual  case  where 
the  agreement  was  not  good  (Phase  D) ,  or  where  the  data  was 
spurious  (phase  A),  the  "Quotient  +  1"  function  was  used  to 
estimate  the  value  of  umax  (i.e.  B").  (The  values  of  umax 
recorded  in  Table  4.4  were  estimated  in  this  manner.) 


2 

Program  revision  November,  1979. 
Computing  Facility  was  sponsored  by 
Resources  Grant  RR-3. 
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Figures  4.20  and  4.21 
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Figures  4.22  and  4.23 
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Figure  4.24 
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It  is  interesting  as  well  to  examine  the  value  of  A' 
throughout  the  test,  as  it  is  this  parameter  that  controls 
the  steepness  of  the  pressure-time  curve,  and  thus  may 
provide  some  information  about  the  gas  exsolution  process. 
Discounting,  for  the  moment,  phases  A  St  B  (air  exsolution), 

phase  C  (transition  to  CC^  exsolution)  and  phase  J  (pore 
pressure  response  limited  by  o'  approaching  zero),  a 
remarkable  pattern  is  observed  in  the  value  of  A',  For  phase 
D  to  H,  respectively,  A'  =  12.5,  4.8,  3.9,  3.2  and  3.1.  As 
A'  decreases  during  the  test,  the  pressure  vs  time  curves  are 
steepening,  that  is,  the  initial  rates  of  gas  exsolution  are 
increasing . 

This  pattern  of  change  in  A"  was  encountered  in  all 
the  undrained  tests,  and  is  summarized  in  Table  4.5.  Since 
the  curve-fitting  technique  itself  makes  no  statement  about 
the  gas  exsolution  process,  it  is  important  to  only  compare 
those  phases  with  similar  boundary  conditions.  Table  4.5 
thus  includes  only  those  results  for  C00  exsolution,  where 
the  sample  was  saturated  with  gas  and  near  equilibrium  at  the 
beginning  of  the  phase,  where  a'*  >  0  at  the  end  of  the  phase, 
and  for  the  reloading  results,  where  o"  >  0  in  all  previous 
phases . 

As  a  process  model  is  hypothesized  in  Chapter  5,  and 
the  transient  results  evaluated  in  more  detail  in  Chapter  6, 


this  phenomenon  of  rate  of  exsolution  will  be  examined  again. 
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TABLE  4.5 

SUMMARY  OF  RESULTS  TO  FIT  TRANSIENT 
PRESSURE  RESPONSE  WITH  "QUOTIENT  +1"  FUNCTION 


TEST  NUMBER 


ir’tlH.S.E. 

7 

9 

11 

23 

12 

15 

21 

22 

B 

4.4 

5.1 

C 

14.1 

3.4 

5 . 3 

D 

14.8 

12.5 

9.9 

10.0 

8.7 

4.2 

5.1 

P 

i— i 

13.1 

4.8 

6 . 4 

8.3 

4.5 

4.0 (L) 

F 

3.9 

10.0 

7.1 

3.0 

5.2 (L) 

G 

38.0 

3.2 

7.4 

3.2 

H 

22.7 

3.1 

3.3 (L) 

I 

9.8 

n/a 

n/a 

J 

6 . 6 

3  .o 

4.9 (L) 

(L)  Reloading  sample  after  completion  of  unloading  sequence. 
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4,6  SUMMARY 

This  chapter  has  reviewed  the  laboratory  tests  in 
light  of  the  theory  postulated  for  the  equilibrium  behaviour 
of  gassy  soils.  An  evaluation  of  the  predictive  capabilities 
of  the  model  has  been  made,  and  this  has  been  demonstrated  to 
be  quantitatively  accurate.  Several  peculiarities  of  the 
test  which  have  modified  the  boundary  conditions,  and  thus 
influenced  the  test  results,  have  been  discussed.  Where 
possible,  these  changed  boundary  conditions  have  been 
incorporated  into  the  theoretical  model. 

A  cursory  examination  of  the  transient  response  has 
been  made,  primarily  to  develop  a  method  of  predicting  u 
from  the  pressure-time  data,  but  also  to  investigate  the  form 
of  the  pressure-time  curve. 


CHAPTER  5 


GAS  EX SOLUTION 


5.1  GENERAL 

The  previous  chapters  in  this  thesis  have  dealt  with 
the  characteristic  equilibrium,  or  time-independent, 
behaviour  of  gassy  soils.  A  theoretical  model  has  been 
developed,  and  this  has  been  verified  by  laboratory  tests  and 
used  to  demonstrate  the  nature  of  gassy  soil  behaviour. 

Beginning  with  this  chapter,  an  investigation  is  made 
into  the  nature  of  the  transient,  or  time-dependent  response 
in  gassy  soils.  An  introduction  to  a  new  macroscopic 
process,  gas  exsolution,  is  given.  The  major  objective  of 
the  chapter  is  to  develop  a  general  macroscopic  theory  of  gas 
exsolution,  which  may  then  be  applied  to  soil  behaviour  under 
various  boundary  conditions  in  later  chapters.  It  will  first 
be  necessary  to  review  the  present  state  of  knowledge  on  this 
subject,  both  within  the  geotechnical  field,  and  from  other 
fields  of  engineering,  to  establish  a  proper  foundation  on 
which  to  build  the  framework  of  the  proposed  theory. 

The  term  "gas  exsolution"  as  applied  to  soils  refers 
to  an  observed  or  macroscopic  behaviour.  As  the  pore 
pressure  in  an  element  of  gassy  soil  is  reduced,  the 
saturation  in  the  soil  decreases  due  to  the  production  of 
gas.  Gas  is  being  transferred,  in  some  manner,  from  the 
dissolved  to  the  "free"  state. 
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In  using  the  term  "gas  exsolution",  there  is  no 
implication  that  a  specific  microscopic  process  is  operative 
in  the  pores.  It  is  possible  to  observe,  describe  and  even 
predict  that  aspect  of  transient  soil  behaviour  due  to  gas 
exsolution,  from  a  macroscopic  perspective,  without  being 
limited  by  any  particular  process  model  or  by  an  overly 
simple  set  of  boundary  conditions. 

Gas  exsolution  may  be  attributed  to  several  known 
microscopic  processes,  but  our  understanding  of  the 
processes,  as  well  as  the  complex  boundary  conditions  in  the 
pore  space  of  a  soil,  is  too  rudimentary  to  develop  a  general 
theory  from  them.  Moreover,  it  is  uncertain  that  all  of  the 
contributing  processes  have  been  identified.  However,  this 
should  not  preclude  their  study,  as  much  of  the  general 
observed  behaviour  can  be  explained  qualitatively  with  very 
little  extrapolation,  from  simple  boundary  conditions  and 
single  microscopic  processes.  A  study  of  the  physical 
processes  can  only  increase  our  understanding  of  gas 
exsolution.  In  addition,  any  general  macroscopic  theory 
proposed  to  fit  the  observed  laboratory  behaviour  must  also 
be  compatible  with  what  is  perceived  to  be  the  predominant 
physical  processes. 

As  a  first  step  in  the  development  of  a  general 
macroscopic  theory,  the  physical  processes  that  are  thought 


to  control  the  gas  exsolution  behaviour  will  be  examined. 
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They  are: 

(a)  sorption  of  a  gas  bubble  in  a  liquid  (i.e. 
absorption,  or  desorption,  depending  upon  whether  the 
liquid  is  over-  or  undersatur ated  with  gas) . 

(b)  bubble  nucleation. 

The  gas  exsolution  behaviour  observed  in  the 
laboratory  tests  will  then  be  examined,  and  a  general  theory 
proposed  which  is  dependent  upon  these  observations  only. 
Lastly,  there  will  be  a  comparison  of  the  general  theory  with 
the  simple  gas  sorption  and  bubble  nucleation  models. 

It  is  important  to  reiterate  the  distinction  between 
undrained  and  drained  boundary  conditions,  insofar  as  the  gas 
exsolution  behaviour  is  concerned.  An  undrained  boundary  on 
an  element  of  soil  is  one  through  which  there  is  no  mass  flow 
of  gas,  liquid,  or  soil  particles.  Consider  such  an  element 
of  gassy  soil,  whose  pore  liquid  is  super-saturated  with  gas. 
Over  a  period  of  time,  gas  will  be  produced,  which  will  have 


ter- 

related 

effects : 

(a) 

The 

volume  of 

the  element 

will  increase 

(b) 

The 

pore  fluid 

pressure  wi 

11  increase. 

Since  a  volume  increase  is  caused  by  an  effective  stress 
decrease  in  the  soil  skeleton,  it  is  also  governed  by  fluid 
pressure  increases.  As  discussed  previously,  for  gassy  soils 
the  volume  increase  will  be  small,  and  the  pressure  increase 
relatively  large. 
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A  drained  boundary  is  one  across  which  an  unhindered 
mass  flow  of  gas  or  liquid  occurs.1-  For  a  drained  element  of 
gassy  soil  with  a  super-saturated  pore  liquid,  there  will  be: 

(a)  an  element  volume  change  dependent  on  the  boundary 
stresses,  i.e.  if  and  u  are  constant,  .  =  q 

(b)  a  pore  fluid  pressure  which  is  attempting  to 
equilibrate  with  the  fluid  boundary  conditions, 
(consolidation) . 

(c)  the  production  of  large  amounts  of  gas  which  will, 
for  a  period  of  time,  oppose  the  consolidation  process. 

5.1.1  Previous  work  on  gas  exsolution 

There  is  a  paucity  of  information  on  gas  exsolution  in 
the  geotechnical  literature.  Most  investigators  have  been 
primarily  concerned  with  the  investigation  of  the  equilibrium 
behaviour  of  unsaturated  soils.  The  apparent  complexity  of 
gas  exsolution,  combined  with  a  lack  of  field  problems 
warranting  its  consideration,  seems  to  have  led  to  a  lack  of 
research  effort  in  this  area. 

Barden  &  Sides  (1970)  have  measured  the  aiffusivity  of 
air  in  clay  soils  and  discussed  the  marked  difference  from 
air  in  water.  However,  the  only  attempt  to  study  the 
exsolution  process  seems  to  have  been  by  Black  &  Lee  (1973) 
in  connection  with  establishing  the  time  required  to  fully 
saturate  samples  in  the  laboratory.  Lee  &  Black  (1972) 


The  element  boundary  is  normally  assumed  to  change  shape 
with  the  soil  skeleton,  so  that  there  is  still  no  mass  flow 
of  soil  particles. 
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observed  the  time  to  dissolve  a  bubble  of  gas  in  a  large 
container  of  water,  and  in  a  tube  of  water,  then  (Black  & 
Lee,  1973)  extended  these  findings,  developing  a  model  to 
predict  the  time  necessary  to  fully  saturate  a  soil  sample 
using  a  back  pressure.  As  will  be  discussed  in  Section  5.3, 
Lee  &  Black^s  solution  to  the  "single  bubble  in  an  infinite 
liquid"  problem  contains  poorly  posed  approximations,  and 
yet,  somewhat  fortuitously,  is  a  reasonable  solution.  Their 
work  was  preceded  by  20  years  of  research  on  that  particular 
problem,  the  pioneering  paper  of  'which  provides  a  more 
satisfactory  approach. 

The  extention  of  their  ideas  to  gas  exsolution  in 
soils  of  85  to  100%  saturation  (occluded  bubbles)  will  also 
be  evaluated  in  section  5.4. 

5.2  GAS  SORPTION 

Gas  sorption  is  defined  as  the  transfer  of  molecules 
of  gas  across  a  gas-liquid  interface.  As  stated  by  Davies  & 
Rideal  (1961),  "if  a  molecule  passes  across  the  gas-liquid 
interface,  it  encounters,  in  general,  a  total  resistance  R 
which  is  the  sum  of  three  separate  diffusional  resistances, 
due  respectively  to  diffusion  in  the  gas  phase,  across  the 
monomolecular  region  constituting  the  interface,  and  through 
the  liquid  below  (beyond)  the  interface.  This  may  be 
expressed  as: 

R  =  Rg  +  R.  +  Rl 
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Of  these  resistances,  R1  is  usually  the  highest, 
corresponding  to  molecular  diffusion  of  the  solute  through  a 
non- turbulent  liquid  layer  adjacent  to  the  surface," 

Davies  &  Rideal  are  stating  that  the  diffusion  process 
is  the  measurement  of  the  resistance  to  movement  of  a 
molecule  through  a  medium.  In  the  case  of  a  gas  molecule 
moving  through  a  liquid,  across  an  interface  and  into  a 
bubble,  diffusion  in  the  liquid  medium  is  usually  the 
governing  factor.  They  quote  typical  values  of  R^  t  t*.  an£ 

R1 ,  e . g . : 

(a)  For  ammonia  or  CC>2  in  water,  Rx  =  102  to  103 

sec/cm. 

(b)  For  C02  passing  from  water  to  air,  Rg  =  4  sec/cm. 

(c)  For  most  cases  where  no  contaminants  are  present  at 

the  interface,  R£  is  negligible.2 
Thus  for  the  sorption  of  gases  such  as  C0?  in  water,  R1 
predominates.  The  problem  is  treated  as  that  of  a  bubble  of 
spatially  constant  gas  concentration,  (i.e.  the  ga.s  density 
or  concentration  does  not  vary  with  radius  inside  the 
bubble),  in  a  quiescent  liquid,  the  sorption  being  controlled 
solely  by  the  diffusion  of  gas  molecules  in  the  liquid  phase. 
This  is  the  classical  treatment  of  the  problem  in  the 
literature.  As  will  be  mentioned  later,  it  has  only  been 


ttarvey  &  Smith  (1959)  measured  the  absorption  of  C09 
in  a  quiescent  liquid  and  concluded  that  both  R^  and  R^ 
were  negligible  for  CC>2  in  water,  and  that  RL  was  the 
governing  resistance.  '  Manley  (1960)  examined  the 
influence  of  an  "organic  skin"  at  the  gas-liquid 
interface  on  R. 

i  * 
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since  an  exact  solution  has  been  found  for  the  problem  of  a 
single  bubble  dissolving  (or  growing)  in  an  infinite  liquid 
that  the  possibility  of  diffusion  in  the  gas  phase  at  small 
bubble  radii  and  high  gas  pressures  has  been  investigated. 
This  is  of  peripheral  concern  in  this  thesis;  the  classical 
approach  will  be  applied  in  the  following  discussions. 

Gerrard  (1976)  has  discussed  the  possible  modification 
of  the  ’'normal"  sorption  process  by  a  chemical  reaction 
between  the  solute  and  the  solvent.  In  the  case  of  H^o  and 
co2,  there  is  a  relationship  that: 

H20  +  C02  ===  HCO3  +  H+ 

This  dissociation  is  very  weak,  however.  Gerrard  states  that 

most  of  the  C02  dissolved  in  the  H2O  exists  as  free  molecules 
and  not  as  HCO~  ions,  (<1%  of  the  C02  reacts  to  form  H2C03) , 
and  thus  the  chemical  reaction  has  little  effect  on  the 
sorption  process.  For  other  gases  and  liquids,  the  chemical 
dissociation  may  have  an  equal  or  more  important  effect  than 
diffusion  in  determining  the  rate  of  gas  exsolution. 

5.3  SINGLE  BUBBLE  IN  AN  INFINITE  MEDIUM 

A  convenient  starting  point  for  the  study  of  the  gas 
sorption  process  is  the  case  of  a  single  bubble  growing  in  an 
infinite  liquid  medium.  These  boundary  conditions  cannot  be 
directly  applied  to  the  pore  space  in  an  element  of  soil,  but 
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they  are  worth  investigating  as  they  form  the  basis  for 
further  hypotheses  with  more  realistic  boundary  conditions. 

Before  considering  the  sorption  process,  however,  it 
is  necessary  to  study  two  related  phenomena,  the  pressure 
inside  gas  bubbles,  and  the  concept  of  an  equilbrium  bubble 
size . 

5,3,1  Surface  tension,  pressure,  and  equilibrium  bubble  size 

Terzaghi  (1943)  devoted  one  chapter  to  the  discussion 
of  capillary  forces  in  soils  and  the  pressure  of  gas  in 
bubbles  and  voids.  He  presented  the  equation: 


?g=u+Pa+2*Ts/  r  (5.1) 

pa  =  atmospheric  pressure 
Ts  =  surface  tension 
r  =  bubble  radius 

which  was  already  scientific  doctrine.  He  stated  further 

that  "if  r  approaches  zero,  the  gas  pressure  P  accroaches 

y  ~ 

infinity.  However,  within  the  range  of  molecular  dimensions, 
equation  (5.1)  loses  its  validity".  The  statement  has 
generally  been  accepted  as  an  established  fact  in  the 
geotechnical  community. 

Recently,  however,  Fredlund  (1973)  has  taken  exception 
to  the  idea  of  surface  tension  acting  on  a  bubble.  He  stated 
that  "...air  and  water  pressures  cannot  differ  apart  from  the 
inclusion  of  a  solid  medium... the  capillary  model  is 
pertinent  only  when  a  solid  phase  is  in  the  presence  of 


the 
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air  and  water.  The  comprehension  of  this  fact  is  imperative 
to  the  study  of  the  case  under  consideration.  Its  omission 
from  the  research  literature  has  created  considerable 
confusion  (Hilf,  1956;  Schuurman,  1966).  The  reasoning  of 
Schuurman  leads  him  to  the  conclusion  that  the  air  in  minute 
bubbles  must  reach  extremely  high  pressures  just  prior  to 
collapsing  and  disappearing.  This  is  absurd  and  contrary  to 
observed  behaviour.” 

It  is  this  statement  by  Fredlund  that  is  incorrect, 
and  in  fact  contrary  to  observed  behaviour.  To  demonstrate 
the  validity  of  the  surface  tension  concept  as  it  applies  to 
gas  bubbles,  the  following  discussion  will  outline  the 
development  and  laboratory  confirmation  of  the  theory 
regarding  this  subject. 

There  has  been  a  continued  attempt  in  the  scientific 
literature  since  1950  to  solve  the  differential  equation 
governing  gas  sorption  for  the  very  simple  boundary  condition 
discussed  previously.  All  of  the  authors  have  accepted  the 
existence  of  surface  tension,  quite  independent  of  any  solid 
substance,  and  have  discussed  and  observed  the  effects  of 
surface  tension  on  bubble  behaviour. 

Epstein  &  Plesset  (1950)  developed  an  approximate 
solution  for  a  bubble  growing  (or  dissolving)  in  an  infinite 
liquid,  solving  both  for  the  case  of  T  =  g  anc5  t  >  g. 

2  '  o 

They  noted  that  for  bubbles  in  a  saturated  solution,  if  Ts  = 
0,  the  bubble  should  be  stable;  if  T  >  q,  the  bubble  would 
dissolve  because  of  surface  tension  effects.  This  idea  was 


198 


reiterated  by  Plesset  (Davies,  1964).  Keller  (Davies,  1964) 
advanced  this  idea  further  by  noting  that: 

(a)  Bubbles  in  an  under saturated  solution  decay  in  size 
and  disappear  in  a  finite  time. 

(b)  In  a  supersaturated  solution,  bubble  behaviour 

depends  on  its  initial  radius  rQ.  pQr  each 

concentration  of  gas  Cgf  (where  cq  >  cs,  the  saturated 
concentration),  there  is  an  equilibrium  radius  r^  such 

that  if  rQ  =  ref  the  bubble  is  in  unstable  equilibrium. 

For  r^  <  re  the  bubble  decays  and  disappears  in  finite 

time,  (because  of  surface  tension) ,  while  for  r_.  >  r 

0  1  e 

it  grows  indefinitely. 

(c)  If  the  solution  is  just  saturated,  every  bubble 
will  decay  unless  surface  tension  is  absent,  in  which 

case  it  remains  in  neutral  equilibrium. 

(d)  Bubbles  may  form  spontaneously  around  nuclei!,  such 

as  solid  particles,  a  hole  in  the  liquid  (near  the 
surface  of  a  solid),  etc.  An  unsaturated  solution  is 
stable  against  bubble  formation.  Supersaturated 

solutions  are  also  stable  against  bubble  formation, 
unless  the  bubble  forms  with  r^  >  Ce # 

Cable  (1967)  comments  "finally,  it  must  be  remembered  that 
the  pressure  inside  a  bubble  increases  significantly  when  it 
becomes  very  small  and  this  accelerates  its  rate  of 
shrinkage."  These  ideas  are  again  reiterated  by  several 


other  authors. 
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Tucker  &  Ward  (1975)  report  on  research  for  a  doctoral 

dissertation  by  Tucker  (1974),  who  investigated  the 

measurement  of  diffusion  coefficients  by  using  the  unstable 

equilibrium  state  of  gas  bubbles  in  supersaturated  solutions. 

Their  work  confirmed  experimentally  Keller^s  ideas,  and  they 

presented  an  equation  for  the  critical  radius  r  r 

c 


2  *  Ts  /  (n*Pvap+c2/c2s*P'-P')  (5.2) 

exp  (V1*  (P'-Pvap)/K/T-C2) 

P",  K,  T  and  eg  are  the  surface  tension  of  the 

interface,  the  pressure,  Boltzmann  constant, 
and  gas  concentration  (moles  solute/moles 
the  solution  surrounding  the  bubble;  v  ^  and  ?van 
are  the  specific  volume  and  vapour  pressure  of  the  pure 

solvent;  and  c?s  is  the  equilibrium  saturation  concentration 
of  the  dissolved  gas  in  the  solvent  when  a  flat  surface  of 
the  solvent  is  exposed  to  the  gas  only  at  ,  T. 

The  critical  radius  is  defined  as  that  radius  a  bubble 
must  achieve  upon  nucleation  to  ensure  its  continued 

existence.  As  previously  discussed,  there  is  a  single 
equilibrium  bubble  size  for  an  unbounded  liquid  and  that 

state  is  unstable.  For  the  case  of  the  infinite  liquid  the 

equilibrium  and  critical  radii  are  equivalent. 


where  T 

s  • 

liquid-gas 
temperature 
solvent)  in 


200 


Keller  had  given  an  earlier  version  of  equation  5.2, 
but  had  neglected  the  term  r)*?vap,  as  he  had  not  considered 
the  presence  of  the  solvent  vapour  in  the  bubble  as  well  as 
the  gaseous  solute. 

It  is  clear  that  the  concept  of  interfacial  tension 
(the  correct  term  for  fluid/fluid  contacts)  in  gas  bubbles, 
quite  independent  of  any  solid  particles,  has  been  given  both 
theoretical  support  and  experimental  verif ication,  and  in 
fact  has  become  the  basis  of  a  recognized  method  of  measuring 
gas  diffusion  coefficients  in  liquids.  The  work  of  Schuurman 
(1966)  then  is  very  pertinent  to  the  expression  of  fluid 
compressibilities.  As  recognized  by  Terzaghi,  the  postulated 
relationships  may  not  apply  at  extremely  small  bubble  radii. 
At  this  level,  modifications  may  be  necessary  not  only  in  the 
expression  for  interfacial  tension,  but  also  in  the 
pressure-volume  relationships  for  a  dense  gas  (Epstein, 
1975) ,  and  for  inertial  and  viscous  effects  (Szekely  & 


Martins ,  1971) . 

5.3.2  The  time  variation  of  bubble  size 

In  1950,  Epstein  &  Plesset  presented  an  approximate 
solution  to  the  problem  of  a  single  bubble  growing  (or 
shrinking)  in  a  super  (or  under)  saturated,  infinite  liquid. 
Refinements  to  their  approximations,  and  numerical  solutions 
to  the  more  complete  differential  equations  have  been 
reported  on  by  Birkhoff  e t . al . ( 19 53) ,  Scriven  (1959),  Manley 
(1960),  Barlow  &  Langlois  (1962),  Davies  (1964,  including 
papers  by  Plesset,  Keller,  Westwater  &  Prigogine),  Bankoff 
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(1966),  Ready  &  Cooper  (1966),  Kreiger  et . al . (1967) ,  Cable  & 
Evans  (1967)  ,  and  Cable  (1967)  .  Duda  &  Vrentas  (1969) 
present  an  excellent  list  of  references  of  previous  work  and 
a  good  discussion  on  the  accuracy  of  previous  approximate 
solutions.  Later  work  includes  that  of  Rosner  &  Epstein 
(1970),  Szekely  &  Martins  (1971),  Duda  &  Vrentas  (1971), 
Fogler  &  Verma  (1971)  ,  Rosner  &  Epstein  (1972)  ,  Yang  (1972)  , 
Lee  &  Black  (1972)  ,  Ward  &  Tucker  (1975)  ,  and  finally  Tao 
(1978,  1979).  The  last  papers  by  Tao  are  significant  in  that 
an  exact  solution  is  established  for  the  problem,  although 
the  solutions  are  mathematically  quite  complex. 

As  will  be  discussed  in  section  5.4,  the  solution  to 
the  problem  of  a  bubble  growing  in  an  infinite  liquid  cannot 
be  applied  directly  to  gas  sorption  in  the  pore  space  of  a 
soil.  The  model  might  be  refined  somewhat  by  considering  a 
single  bubble  growing  in  a  liquid  of  finite  extent,  but  still 
this  is  only  part  of  a  complex  series  of  processes  that 
govern  the  gas  exsolution  behaviour.  Hence  it  is  unlikely 
that  an  extremely  complicated  exact  solution  to  either 
problem  will  be  useful  in  evaluating  the  general  soil 
behaviour . 


A  simple  approximate 
simplifying  assumptions,  will 
finite  problem.  This  will  be 
by  Epstein  Sr  Plesset  (1950), 


solution,  using  reasonable 
later  be  developed  for  the 
based  upon  the  method  employed 
and  so  their  paper  will  be 


Sc 
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discussed  here.  A  consideration  of  the  infinite  liquid 
problem  will  also  allow  a  critique  of  the  work  by  Lee  and 
Black  (1972)  . 

Epstein  &  Piesset  treated  the  problem  of  a  single  gas 
bubble  of  radius  Rq  ,  placed  at  time  t=0  into  an  infinite 
liquid  of  initial  saturation  c^.  The  solution  is  maintained 
at  a  constant  pressure  and  temperature,  and  has  a  saturated 
gas  concentration  of  c 

s  * 

For  any  time  t>0,  the  concentration  c  at  distance  r 
from  the  center  of  the  bubble  must  satisfy  the  diffusion 
equation,  which  in  spherical  polar  coordinates  is: 

Dc/Dt  =  K  *  (D2c/Dr 2  +  2/r  *  Dc/Dr)  (note)3  (5.3a) 

It  is  assumed  that  the  term  for  convection  associated  with 
bubble  growth  or  shrinkage  is  small  compared  to  diffusion, 
and  can  be  ommitted.  The  solution  to  this  equation  must 
satisfy  the  boundary  conditions  that: 


c(r,0)  = 

c . 

i ' 

r  > 

R 

lim  ( r+co)  c  ( r  ,  t)  = 

ci- 

t  > 

0 

(5.3b) 

c(R,t)  = 

cs- 

t  > 

0 

3  .... 

Throughout  this  thesis,  the  partial  differential  will  be 

designated  by  a  capital  D  and  the  exact  differential  by  a 

small  d. 
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A  transformation  to  the  linear  one-dimensional  problem  is 
made  by  substituting  g  =  r  *  (c  -  cs)  ,  so  that  5.3a  &  b 

become : 


Dg/Dt  =  K  *  D2g/Dr 2 

g  (r  f 0) =  r  *  (ci  -  cs)  (5.3c) 

g  (R,  t) =  0 


A  further  shift  in  the  r-coordinate  by  z  =  r  -  R  will  make 
the  problem  identical  to  the  problem  in  heat  conduction  of  a 
semi-infinite  solid  with  an  initial  temperature  T(z,0)  = 

( z+R) * (ci-cs)  and  with  T  ( 0  ,  t )  =  0  .  The  solution  is  provided  by 
Carslaw  &  Jaeger  (1959) : 


g(r,t)  =  (ci  -  Cg) /{2* [ ~*K*t] A.5}  *  (note) 4 
j  (R+z)  *  { exp  [  -  ( z-z" )  *2/ ( 4*K*t)  ]  -exp  [  -  ( z+z“* )  ^2/ ( 4*K* t)  ]  }  *dz  ^ 

O 

(5.4) 

The  concentration  gradient  at  r  =  R  is  then: 


(Dg/Dr )  R  =  (Cj_-cs)  *  { 1+R/  (Tr*K*t)  A  .  5 }  (5.5a) 

or,  substituting  for  g, 


(Dc/Dr )  R  =  (Ci-cs)*{l/R  +  l/(7r*K*t)  ".5}  (5.5b) 


A 

where  the  use  of  a  superscript  for  a  power  notation  would  be 
confusing,  the  character  "'s"  will  be  employed  instead. 
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or  dm/dt  =  4*ti*R2*K*  (Dc/Dr ) 

R 

=  4*ir*R2*K*(c.-cs)  *{l/R  +  1/  (tt*k*  t )  ~ .  5 }  (5.5c) 

where  m  is  the  mass  of  gas. 

Equation  5.5c  is  only  valid  for  a  stationary  bubble  boundary. 
However,  for  problems  in  which  the  bubble  volume  change  is 
small  compared  to  the  movement  of  the  "diffusion  front" 
through  the  liquid,  it  is  a  reasonable  physical  approximation 
to  use  (5.5c)  to  predict  the  variation  of  bubble  size  with 
time . 

Then  if  p  is  the  bubble  density, 

dm/dt  =  4*ti*r2*p*  (dR/'dt)  (5.6a) 


so  that 


dR/dt  =  K*(ci_cs)/P  *  { 1/R  +  l/(TT*K*t)  ~.5}  (5.6b) 


Epstein  & 

Plesset  then 

solve  equation  5. 

6b  for  R 

for 

the 

cases  of 

under saturated 

and 

oversaturated 

solutions 

.  They 

note  that 

at  small  times, 

the  complete 

equation 

must 

be 

treated,  but  that  at  larger  times  the  term  1/  ( tt*K* t)  ~ .  5 
becomes  negligible,  and  so  a  further  approximation  can  be 
made  by  solving: 


dR/dt  =  K*(ci-cs)/P  *  1/R 


(5.7a) 


or 


R*dR  =  KMc.-Cs)/p  *  dt 


(5.7b) 
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whence 

(R--Rq2)/2  =  K*(c.-cs)/p  *  t  (5.8) 

It  must  be  emphasized  that  this  particular  solution  does  not 
include  the  influence  of  surface  tension.  Epstein  &  Plesset 
present  and  compare  solution  (5.8)  with  the  solution  which 
includes  the  term  1/  (  tt*k* t)  ^ .  5 ,  and  also  with  the  solution 
which  includes  surface  tension  effects. 

For  a  growing  bubble  only,  Epstein  &  Plesset  also  note 
that  for: 

q  =  R/Rq ,  and 

x2  =  2*K* (ci~cs) *t/ (P*Rq2) /  and 
w  =  {  (ci-Cs)/(2*o^rr)  }~.5 

that  if  both  q  and  x  were  large,  q  varied  linearly  with  x, 

i.e.  q  =?  {w+(l+w2)  ~.5}*x  (5.9) 

A  comparison  of  Epstein  &  Plesset^s  work  with  that  of 
Lee  &  31ack  (1972)  would  be  appropriate  at  this  point,  (using 
the  same  notation  as  above) .  Lee  &  Black  derive  the 
following  differential  equation  for  the  bubble  radius: 


dR/dt  =  -K*cs/(p*R) 


(5.10) 
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Equation  5.10  lacks  the  1/  (  tt*K*  t)  A .  5  term  of  equation  5.6b, 
and  assumes  that  c^  =  o.  The  absence  of  the  time  term  is  due 
to  the  manner  in  which  Lee  &  Black  posed  the  problem.  Rather 
than  conforming  the  diffusion  process  to  Fick's  second  law, 
as  Epstein  &  Plesset  did,  Lee  &  Black  started  with  a 
quasi-steady  state  solution  for  the  problem  of  a  static 
sphere  diffusing  into  a  liquid.  They  assumed  that  Dc/Dr  was 
a  function  of  radius  only,  and  not  also  of  time. 

5.4  SINGLE  BUBBLE  IN  A  FINITE  VOLUME  OF  LIQUID 

5.4.1  Equilibrium  Bubble  Size 

A  logical  extention  and  application  of  Keller^s  ideas 
on  the  equilibrium  bubble  size  for  a  bubble  in  an  infinite 
liquid,  presented  in  section  5.3.1,  would  lead  to  the 
hypothesis  that  there  is  a  stable  equilibrium  size  for  a 
bubble  in  a  liquid  of  finite  volume.  The  reasoning  for  this 
hypothesis  might  follow  as  below: 

(a)  Growth  of  a  bubble  in  a  supersaturated  solution 
will  eventually  result  in  the  liquid  becoming  just 
saturated  because  the  liquid  only  has  a  finite  volume. 
If  the  bubble  could  somehow  continue  to  grow,  the 
liquid  must  become  undersaturated.  Continued  bubble 
growth  (past  the  point  of  saturation)  is  thus  not 
possible  because  it  is  not  a  viable  process  in 
under  saturated  solutions.  One  would  expect  that  the 
bubble  in  the  supersaturated  solution  would  grow  only 
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until  the  solution  became  just  saturated,  and  that  the 
rate  of  solution  would  decrease  as  the  amount  of 
super saturation  decreased. 

(b)  A  bubble  placed  in  an  under saturated  solution  would 
tend  to  shrink,  which  would  cause  an  increase  in 
saturation.  Depending  upon  the  volume  of  liquid  and 
the  original  extent  of  under saturation ,  the  bubble  may 
achieve  stability  as  the  solution  becomes  just 
saturated,  or  it  may  extinguish  before  the  solution 
reaches  saturation. 

(c)  A  small  bubble  placed  in  a  supersaturated  solution 
may  still  shrink  and  extinguish  because  of  surface 
tension  effects. 

Mori,  Hijikata  &  Nagatani  (1977)  conducted  some 
experiments  to  observe  this  phenomenon.  They  introduced  a 
mixture  of  gaseous  freon  21  with  other  non-condensable  gases 

such  as  f  c>2  and  CC>2  into  a  container  of  glycerin.  As  the 
pressure  in  the  glycerin  was  raised,  the  freon  21  condensed 
into  a  liquid  droplet,  which  contained  a  bubble  of  the 
non-condensable  gas.  Since  the  solubility  of  N.~, t  O9  and  CO9 
are  all  much  higher  in  freon  21  liquid  than  glycerin,  they 
had  by  this  novel  method  isolated  a  fixed  volume  of  solute 
(the  freon  21)  containing  a  bubble  of  gaseous  solvent. 

Starting  at  an  equilibrium  condition,  Mori  et.al. 
raised  the  pressure  in  the  glycerin  and  hence  also  in  the 
freon  21  and  the  gas  bubble,  and  monitored  bubble  radius  with 
time.  They  found  that  for  each  pressure  P,  there  was  a 
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stable  equilibrium 

bubble 

s  i 

ze  r0/  and 

that 

rQ  varied 

inversely  with  P. 

For 

a 

particular 

set 

of  initial 

conditions,  i.e. 

volume 

of 

freon  21 

and 

volume  of 

non-condensable  gas,  there  was  a  minimum  radius  r  and 

m 

maximum  pressure  Pm.  For  P  >  Pm,  or  r  <  rm,  the  bubble  would 
extinguish.  Thus  their  experimental  observations  support  the 
heuristic  arguments  for  an  equilibrium  bubble  size  (given 
above)  extremely  well. 

Mori  et.al.  (1977)  also  derived  a  theoretical 
relationship  between  the  equilibrium  radius  of  the  bubble  r^ 
and  the  pressure  in  the  fluid  surrounding  the  droplet 
(glycerin)  as: 


'-pT  =  -2*o/rp  -  2' 


A 


gl 


+ 


n20/{  <nI+n2)*K  +  (4*tt/3/R/T)  }/r 


(5.17) 


where  P 

a 

r 

n 

K 

R 


T 


pressure 
surface  tension 
radius 
mole  number 
solubility 
gas  constant 
of  1  mole 
temperature 


1  =  liquid  component  of  droplet 

2  =  component  of  non¬ 

condensable  gas 
gl  =  gas-liquid  interface 
=  gas  phase 
"  =  freon  21  phase 

liquid  phase  of  glycerin 

n20=  n2  +  n2 


This  equation  predicts  a  decrease  in  ro  with  increasing 
pressure  V"  '  until  some  minimum  radius  rm  is  reached,  at 
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which  point  Dr/DP  =  .  Any  further  decrease  in  r  would 
theoretically  be  accompanied  by  a  decrease  in  V'  '  ' ,  but  since 
V'''  is  externally  maintained  at  some  (constant)  value,  the 
bubble  extinguishes. 

The  agreement  between  theory  and  observed  behaviour, 

for  both  the  r^  Vs  V' ' '  relationship  and  the  value  of  rm,  was 
excellent , 

The  stability  of  gas  bubbles  in  finite  volumes  of 
liquid  was  further  considered  by  Tucker  (1974)  and  later  by 
Ward  et.al.  (1981,82). 

Tucker  (1974)  pointed  out  that  equation  5.2  for  the 
critical  radius  of  the  bubble  in  an  infinite  medium  was  still 
valid  for  the  bubble  in  a  finite  medium,  because  it  was 
"derived  from  a  consideration  of  the  equality  of  the  chemical 
potential  of  each  component  across  the  curved  interface  at 
the  equilibrium  condition".  However,  the  change  in  boundary 
conditions  could  affect  the  nature  of  the  stability  of  the 
equilibrium  state.  Tucker  then  examined  this  stability 
further.  His  work  was  extended  by  Ward,  Tikuisis  &  Venter 
(1982)  .  They  present  an  equation  for  the  critical  radius 
s imilar  to  (5.2), 

rc  =  2*Ts/{n*PVap-i-C2/cs*p'-P''}  (5.13a) 

n  =  exp[Vl*(p'-Pvap)/K/T  -  c2/C]_]  (5.18b) 

where  all  variables  have  been  defined  previously  (for 
equation  5.2)  except: 
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c3  =  the  saturation  concentration  of  the  gas  in  the 
liquid  phase,  and  for  a  weak  solution, 

=  c1*?vh 

=  the  concentration  of  component  i  in  the  liquid 
phase . 

component  1  =  liquid  and  its  vapour 
component  2  =  gas 

Furthermore,  for  given  values  of  pressure,  temperature 
and  volume  of  liquid,  they  find: 

(a)  If  the  total  gas  content  in  the  volume  is  less  than 
a  certain  number,  there  are  no  possible  equilibr ium 
states  for  a  bubble  in  the  system.- 

(b)  If  the  total  gas  content  is  equal  to  this  minimum 
number  there  is  one  equilibrium  state. 

(c)  If  che  total  gas  content  is  greater  than  this 
minimum  number,  there  are  two  equilibrium  states. 

(d)  If  the  radius  of  the  equilibrium  bubble  described 

in  (b)  is  denoted  rm;  then  rm  does  not  depend  on  the 
amount  of  gas  in  the  volume  but  only  on  the  type  of 
gas ,  i . e .  on  H. 


5 

A  distinction  must  be  made  here  between  r^  and  r^. 
For  an  infinite  liquid,  r^  =  re.  For  a  finite  volume 
of  liquid  this  is  not  the  case,  i.e.  rp  is  not. 
necessarily  eaual  to  r 

e 
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(e)  The  equilibrium  state  described  in  (b)  is  stable 
against  growth  but  unstable  against  dissolution.  This 
is  referred  to  as  a  metastable  equilibrium. 

(f)  There  are  two  equilibrium  states  discussed  in  (c) . 
The  one  with  the  smaller  radius  is  unstable  (similar  to 
the  single  equilibrium  size  for  an  infinite  liquid) . 
The  one  with  the  larger  radius  is  stable.  A  bubble 
initially  at  the  unstable  equilibrium  radius  can  be 
predicted  to  grow  in  size  to  the  stable  equilibrium 
radius  should  a  fluctuation  perturb  it  to  a  size 
slightly  larger  than  its  initial  value. 

These  results  were  confirmed  experimentally. 

Ward  et.al.  also  examine  the  problem  of  a  finite 
volume  of  liquid  containing  a  number  of  bubbles  at 
equilibrium.  They  find  the  same  variation  of  equilibrium 
size  with  total  gas  content  described  in  (a) -(c)  above;  the 
same  modes  of  metastabie,  unstable  and  stable  equilibrium 

(e  &  f) ;  and  also  that  decreases  with  increasing  number  of 
bubbles.  "For  example,  for  a  single  bubble  in  the  closed 
volume,  the  equilibrium  radius  must  exceed  approximately  207 
ym  for  the  bubble  to  be  in  stable  equilibrium  in  1  cc  of  a 
water-nitrogen  solution  maintained  at  room  temperature  and 
pressure.  However,  the  equilibrium  radius  need  only  exceed 
3.47  ym  for  the  bubbles  to  be  in  a  stable  equilibrium  state 
when  the  bubble  number  density  is  10^/cc  under  the  same 
conditions  of  temperature  and  pressure." 
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This  statement  should  have  interesting  implications 
for  what  constitutes  a  stable  bubble  size  in  the  pore  fluids 
of  a  soil.  With  the  presence  of  innumerable  soil  grains,  the 
number  of  bubble  nucleation  sites  should  also  be  extremely 
high,  and  thus  the  equilibrium  bubble  size  very  small. 

It  should  be  noted  that  all  of  Ward  et.al.^s 
investigations  applied  to  the  case  of  a  " well-stir  red"  fluid, 
i.e.  one  in  which  C ^  was  constant  throughout. 

5.4.2  Bubble  size  as  a  function  of  time 

From  equations  5.7a  and  5.3,  the  approximate  solution 
to  the  problem  of  a  bubble  growing  (or  shrinking)  in  a  fluid 
of  infinite  extent  can  be  used  to  predict  a  rate  of  change  of 
bubble  radius, 

dR/dt  ~  1/R  ~  l/(t)".5  (note)6  (5.11a) 
or  dV/dt  =  4*7T*R2*dR/dt  ~  R  ~  tA.5  (5,11b) 

Any  attempt  to  model  gas  sorption  in  pore  fluids  by  a 
relationship  of  this  type  cannot  be  successful  because  the 
functional  relationship  does  not  possess  an  asymptotic 
characteristic.  It  is  akin  to  the  discussion  in  section  4.5 
of  attempting  to  fit  asymptotic  pressure-time  relationships 
with  improper  functions. 


The 

to” 


character 


H  —  ll 


will  be  used  to  denote  "is  proportional 
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Black  &  Lee  (1973)  attempted  to  generalize  the  results 
for  a  bubble  in  an  infinite  medium  to  a  bubble  in  the  pore 

space  of  a  soil  by  the  relationship: 

V  ~  tAx,  or  dV/dt  ~  tA (x-1)  ,  0<x<l  (5.12) 

Their  experimental  data,  which  was  collected  for  periods  up 
to  50,000  minutes  (35  days) ,  appear  to  give  a  good 
straight-line  fit  on  a  log-log  plot.  However,  this  is 
somewhat  misleading.  As  discussed  previously,  although  the 
limit  as  t  approaches  infinity  of  dV/dt  is  0,  for  V  the  limit 
is  infinite.  Clearly,  the  amount  of  gas  dissolved  in  the 
pore  fluid  must  be  limited  to  a  finite  amount,  determined  by 
the  solubility  coefficient  H.  Hence  a  relationship  of  the 
form  expressed  by  (5.12)  is  theoretically  unacceptable  at 
longer  times,  even  if  its  use  appears  to  be  reasonable  at 
shorter  time  intervals.  The  "linear”  relationship  observed 
by  Black  &  Lee  must  in  truth  deviate  from  linearity  if  taken 
to  a  sufficient  length  of  time.  (An  evaluation  of  the 
laboratory  data  obtained  in  this  research  using  equation  5.12 
will  be  made  in  section  5.6). 

A  more  reasonable  model  for  gas  sorption  in  the  pore 
space  is  the  single  bubble  in  a  container  of  fluid  of  finite 
size .  An  approximate  solution  to  this  problem  for  a  liquid 
which  is  at  constant  pressure  and  temperature  may  be 
developed  in  a  manner  similar  to  Epstein  &  Plessef's  (1950) 
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solution  for  a  bubble  in  an  infinite  medium.  This 
development  is  presented  below. 

Consider  a  single  bubble  in  the  center  of  a  spherical 
container  of  finite  size,  which  is  full  of  some  fluid.  The 
container  is  completely  flexible  so  that  the  fluid  inside  is 
maintained  at  a  constant  pressure  despite  changes  in  volume. 
Equation  5.3a  governing  the  diffusion  process  is  still  valid, 
only  now  the  boundary  conditions  become: 


c (r ,0)  =  cif 

R<r  <S 

c(Rft)  =  cQ/ 

t>0 

(5.13) 

Dc/Dr (S,t) =0 

t>0 

where  S  is  the  radius  of  the  container. 

The  substitution  g  =  r*(c-cs)  into  (5.3a) 
produces : 


and  (5.13) 


Dg/Dt  =  K  *  D2g/Dr2 
g(r,0)  =  r*(c._Cs) ,  R<r<S 
g(r,t)  =  0  ,  t>0 

Dg/Dr (S , t)  =  0  ,  t>0 


(5.14) 


which,  again,  is  a  linear  (one-dimensional)  problem, 
identical  (with  a  coordinate  transformation)  to  the  problem 
of  heat  conduction  in  a  plate,  where  one  side  of  the  plate  is 
maintained  at  a  constant  temperature  and  the  other  side  of 


the  plate  is  insulated.  Using  the  coordinate  transformation 
that : 
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x  —  S  —  r 


the  solution  to  this  problem  may  be  obtained  from  Carslaw  & 
Jaeger  (1959)  as: 


g(r,t)  =  2*  (Qs_Ci)  /  (s-R)  * 

E  { exp  [-K*  ( 2*n+l)  /s2*ir~2*t/4/  (S-R)  ~2]  * 

n*  o 

cos[  (2*n+l)  *TT*  (S-r)/2/(S-R)  ]  * 

rR 

’  [r'*cos(  (2*n+l)  *tt*  (S-r') /2/ (S-R)  )  ]dr'} 

(5.15a) 


and  if  a  =  ( 2*n+l)  *  tt/2/ (S-R) 
then  g(r,t)  =  2*  (cg-Ci)  /  (s-R)  * 

£ {exp [-K*a~2*t]  *  cos[a*  (S-r)  ]  * 

[cos  (a*  (S-R)  )  /a/v2  -  R/a  *  sin  (a*  (S-R)  )  ]  } 

(5.15b) 


whence 

Dg/Dr (R, t)  =  2  *  (cg-Ci)/(s-R)  * 

E  { exp [-K*a~2* t ]  * 

[sin (a* (S-R) ) *cos(a* (S-R) ) /a  - 
R*sinA2 (a* (S-R) ) ] }  (5.15c) 


This  is  a  solution  for  Dg/Dr  at  r=R,  assuming  the  bubble  wall 
is  stationary.  If  we  introduce  the  same  approximation  as 
Epstein  &  Plesset,  namely  that  the  increase  in  the  size  of 


216 


the  bubble  is  small  in  relation  to  the  movement  of  the 
diffusion  front,  then  the  solution  for  Dg/Dr  may  be  used  to 
obtain  an  expression  for  DV/Dt,  and  this  in  turn  could  be 
integrated  to  obtain  an  expression  for  V  =  V(t).  This 
requires  that  the  solubility  of  the  gas  in  the  liquid  be  low 
to  moderate  in  relation  to  the  diffusivity  of  the  gas  in  the 
liquid.  An  additional  stipulation  must  be  added  that  the 
volume  of  the  container  be  relatively  large  in  relation  to 
the  volume  of  the  bubble  (for  the  soil,  say  3  >  0.8)  so  that 
as  R  increases,  and  hence  3  increases,  the  form  of  c(r,t)  is 
not  significantly  influenced. 

Then,  recognizing  that: 


dV/dt 


and  if  H 

f 

L 

dV/dt 


1/p  *  dm/dt  =  K/p  *  4*tt*R"2*  (Dc/Dr) 

4*tt*R*K/p  *  (Dg/Dr) 

cs/p  (Henryks  constant) ,  and 

ci/cs,  then 

3*tt*K*H*  (1-f)  *R/(S-R)  * 
v { exp [-K*a~2* t ]  * 

[sin(TT*  (2*n+l)  ) /2/a  -  R*sin~2  (tt  *  (2*n+l) /2)  3  } 

(5.16) 


A  comparison  of  equation  5.16  with  the  infinite  fluid 
solution  may  be  made  by  rearranging  equation  5.7a  to  give: 


dV/dt  =  4*:t*R*K*H*  (f-1) 


(5.7c) 


Z±  / 


The  solution  to  the  case  of  a  finite  fluid  then  differs  from 
the  solution  to  the  infinite  fluid  problem  by: 

(a)  the  inclusion  of  the  term  (S-R) ,  representing  the 
container  size, 

(b)  and  more  importantly  by  a  summation  of  exponential 
terms  which  quickly  reduces  dV/dt  to  near  zero  values. 
As  will  be  demonstrated  later,  this  form  of  the 
solution  for  dV/dt  also  gives  an  asymptotic  character 
to  the  volume-time  relationship. 

5.5  BUBBLE  NUCLEATION 

Although  one  might  speculate  that  sorption  is  the 
dominant  process  influencing  the  gas  exsolution  behaviour,  an 
attempt  to  generalize  the  theory  of  a  single  bubble  growing 
in  a  finite  volume  to  gas  bubbles  growing  in  the  pore  space 
of  a  soil  encounters  several  serious  questions,  related  to 
our  ignorance  of  the  problem  itself: 

(a)  In  a  particular  soil  sample,  how  many  gas  bubbles 
are  there,  or  in  other  words,  what  is  the  volume  of 
pore  fluid  associated  with  these  bubbles? 

(b)  What  is  the  distribution  of  pore  fluid  with  respect 
to  the  bubbles?  What  influence  does  pore  shape  and 
bubble  location  have  on  the  volume-time  relationship? 

(c)  Are  bubbles  generated  at  any  particular  time  in  the 
sorption  process,  or  do  they  just  continue  to  grow 


after  some  initial  formation? 
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(d)  How  are  bubbles  formed?  Are  there  preferential 
nucleation  sites? 

(e)  At  what  point  does  the  gas  phase  change  from 
occluded  bubbles  to  a  continuous  fluid?  How  does  this 
influence  the  sorption  process? 

These  questions  are  particularly  important  to  the 
investigator  desiring  to  build  a  theory  of  gas  exsolution 
from  an  understanding  of  the  actual  physical  processes. 
Unfortunately,  they  cannot  be  answered  in  more  than  a 
conjectural  manner  at  present. 

The  concept  of  critical  bubble  radius  has  already  been 
introduced  (5.3.1).  To  reiterate,  it  is  that  radius  at  which 
a  bubble  must  form  in  a  particular  fluid,  so  that  its 
continued  existence  will  be  ensured.  Bubbles  forming  with 
radii  less  than  rc  will  decay  and  disappear,  while  bubbles 


forming  with  radii  greater  than  r  wm  generally  increase  i 


n 


size,  either  indefinitely  (as  in  the  case  of  an  infinite 
fluid)  or  until  some  stable  equilibrium  size  is  achieved  (as 
in  the  case  of  a  fluid  of  finite  volume) . 

The  formation  of  a  bubble  in  a  liquid  is  called  bubble 
nucleation.  There  are  various  mechanisms  which  will  cause 
bubble  nucleation.  A  bubble  may  form  due  to  local 
fluctuations  in  pressure  (e.g.  due  to  turbulence  in  the 
liquid),  or  at  condensation  nucleii,  such  as  the 
imperfections  in  the  surface  of  some  solid  particle. 
Nucleation  in  the  latter  case  is  due  to  gas  adsorbed  on  the 
surface  of  the  nucleus,  which  provides  a  liquid-gas  interface 
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to  which  dissolved  gas  can  diffuse.  Considerations  of  the 
probability  of  a  bubble  of  gas  forming  in  a  liquid  in  the 
former  case  lead  to  the  development  of  homogeneous  nucleation 
theory,  which  will  be  treated  further  below. 

The  rate  at  which  gas  will  exsolve  in  the  pore  space 
of  a  soil  is  clearly  related  to  the  number  of  bubbles  in  the 
pore  space  and  to  the  rate  at  which  additional  bubbles  might 
form.  Hunt  &  Berry  (1956)  discussed  the  problem  of 
non-equilibrium  effects  in  an  oil  reservoir  subjected  to  a 
constant  rate  of  pressure  decline.  They  noted  that  both 
bubble  formation  rates  and  diffusion  rates  depend  strongly 
upon  the  degree  of  super saturation ,  that  is,  the  difference 
between  the  current  fluid  pressure  and  the  gas/liquid 
saturation  pressure.  They  proposed  a  relationship  from 
homogeneous  nucleation  theory  relating  the  rate  of  bubble 
formation  J  to  ?  and  P^,  by: 

log  J  =  V  -  W  *  {P1/g_Pp_2  (5.19) 

where  V,W  are  constants 

Hunt  &  Berry  then  predicted  the  variation  of  supersatur ation 
with  time  (after  the  pressure  depletion  process  was  started) . 
They  reasoned  that  at  short  times  (P^^-p)  would  be  small, 
the  number  of  bubbles  present  would  be  small,  and  thus,  since 
diffusion  could  not  keep  up  with  pressure  depletion,  the 
super saturation  would  increase.  As  it  did  increase,  however, 
so  would  J  and  N,  the  number  of  bubbles.  At  some  point  the 
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influence  of  diffusion  would  just  offset  the  rate  of  pressure 


decline,  so 

that 

the 

magnitude  of 

the  super saturation  would 

level  off, 

and 

then 

decrease . 

Due  to  the  functional 

relationship 

for 

J 

and  (P1/g-P) 

,  a  small  decrease  in 

supersaturation  would  lead,  practically  speaking,  to  J  =?  0 , 
after  which  time  the  production  of  free  gas  would  be  almost 
exclusively  by  diffusion  to  existing  bubbles,  with  very  few 
new  bubbles  formed. 

Ward,  Balakrishnan  &  Hooper  (1970)  studied  the 
formation  of  gas-vapor  nuclei  in  liquid-gas  solutions.  It 
was  shown  that  "a  nucleus  which  is  created  as  a  result  of  a 
fluctuation  must  exceed  a  certain  critical  radius  if  it  is  to 
grow  to  a  macroscopic  size,  and... that  this  required  radius 
can  be  considerably  reduced  by  the  presence  of  a  dissolved 
gas."  Their  expression  for  the  critical  radius  of  a 
spherical  nucleus  in  which  the  gas-vapour  mixture  is 
considered  to  behave  as  a  non-ideal  gas  is: 

rc  =  2*TS  /  ( n*?vap/vl  +  C2/C2s‘p"/V2  -  P')  (5.20a) 

where  all  variables  have  been  defined  previously  (equation 
except : 

vj  =  modified  activity  coefficient  of  vapour 
^2  =  modified  activity  coefficient  of  gas 


5.2) 
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This  equation  is  very  similar  to  equation  5.2.  It  is  clear 
that  an  increased  amount  of  dissolved  gas  (a  higher  c^)  will 
decrease  the  value  of  the  critical  radius,  and  hence  expedite 
the  nucleation  process. 

The  term  h*?vap/vj  is  the  partial  pressure  of  the 
vapour  inside  the  nucleate  bubble,  while  (c2/c?s) * (P'/vp)  is 
the  partial  pressure  of  the  gas,  hence  equation  5.20a  can  be 
rewritten  in  the  form: 


rc  =  2*Ts/(?g-P>) 


(5 . 20b) 


where  P*  is 
Ward 
the  rate  of 


the  pressure  in  the  bubble  at  equilibrium, 
et.al.  (1970)  also  present  an  equation  relating 

formation  of  nuclei  per  unit  volume,  J,  as: 


J  =  Z  *  exp[-4*n*Ts*rc~2/(3*K*T) ] 


(5.21a) 


which  was  developed  from  statistical 
considering  the  probability  that  a 
thermodynamic  properties  of  the  system 
particular  instant."^ 


thermodynam 

ics , 

by 

fluctuation 

in 

the 

would  occur 

at 

any 

7 

Note  that  this  is  the  correct  expression  developed  from 
homogeneous  nucleation  theory,  and  is  akin  to  Hunt  &  Berry's 
equation  5.19.  This  equation  only  considers  the  nucleation 
of  gas  bubbles  due  to  a  random  variation  in  the  thermodynamic 
properites  of  the  gas-fluid  system,  and  does  not  include  the 
equally  important  phenomenon  of  dissolved  gas  "nucleating”  at 
imperfections  on  included  solids,  as  discussed  previously. 
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Using  (5.20b),  equation  5.21a  may  be  written  as: 


(5.21b) 


This  equation  causes  some  reflection  on  the  use  of  the  term 

Pl/g,  which  has  been  defined  as  that  pressure  at  which  gas 
"begins  to  come  out  of  solution".  Ignoring  the  influence  of 
the  vapour  in  the  gas  phase  for  a  moment,  the  expression  for 

rc  would  yield  J  =  0  only  when  C2  =  C2s-  Any  C2  >  C2S  will 
produce  bubble  nucleation,  but  the  rate  of  formation  is 

dependent  on  the  ratio  C2/C2S.  Fortunately,  the  functional 

relationship  given  in  (5.21b)  produces  an  extremely  quick 

increase  in  J  with  initial  changes  in  c2,  so  that  a  pressure 

very  close  to  P1  ,  will  cause  observable  rates  of  bubble 

-*-/  9 

nucleation . 

Equation  (5.21b)  may  be  rearranged  to  give  an 
expression  for  the  "nucleation  pressure"  as: 


p  —  f-]*P  A?  r  +  *  p^/v^  — 


[15*TT*Ts~3/(3*K*T*ln(Z/J)  )  ]  ".5 


(5.22) 


The  first  and  last  terms  on  the  right-hand  side  are  those  for 
a  pure  liquid,  while  the  middle  term  reflects  the 
contribution  of  a  dissolved  gas.  As  noted  by  Forest  and  Ward 
(1977),  "this  additional  term  always  acts  to  raise  the 
nucleation  pressure",  (for  some  assumed  value  of  J)  ,  "and 
from  equation  (5,22)  it  has  been  predicted  that  the  presence 
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of  a  dissolved  gas  can  significantly  change  the  pressure  at 
which  nucleation  occurs." 

Forest  &  Ward  (1977)  reported  on  experimental  work  to 
confirm  this  relationship.  They  performed  several  isothermal 
decompression  tests  to  measure  the  nucleation  pressure  of 
ethyl  ether  -  nitrogen,  and  found  close  agreement  with  the 
predictions  from  equation  5.22.  Consistent  with  the  form  of 
(5.21b)  they  also  found  that  "the  nucleation  event  was  very 
rapid  and  almost  explosive  in  nature". 

From  the  above  discussion  of  bubble  nucleation  theory 
and  observation,  one  must  conclude  that  the  gas  exsolution 
process  in  soils  is  influenced  both  by  the  initial  volume  of 
free  gas  in  the  pores  and  its  distribution,  (i.e.  number  of 
bubbles) ,  as  well  as  by  the  magnitude  of  the  supersaturation, 
expressed  by  the  ratio  cn/COs, 


5.6  OBSERVED  32HA7I0UR  &  A  MACROSCOPIC  THEORY  OF  EXSOLUTION 

The  study  of  gas  sorption  and  bubble  nucleation  is  an 
area  of  current  research  in  the  fields  of  chemical  and 
mechanical  engineering.  The  solutions  to  problems  of  the 
simplest  boundary  conditions  are  quite  complex,  and  in  most 
cases  only  approximate.  Although  a  study  of  these  processes 
would  increase  our  comprehension  of  gas  exsolution  in  soils, 
it  would  be  difficult  to  build  a  general  theory  from  the 
known  processes,  given  our  present  state  of  ignorance.  The 
intent  of  this  section  of  the  thesis  is  to  examine  a  portion 
of  the  gas  exsolution  behaviour  observed  in  the  laboratory 
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and  independently  postulate  a  simple  descriptive  model,  a 
"macroscopic"  theory  of  gas  exsolution.  The  discussion  in 
the  previous  sections  has  been  largely  to  introduce 
background  material;  this  section  is  where  the  major 
objective  of  the  chapter  is  addressed.  Once  the  macroscopic 
theory  of  gas  exsolution  has  been  established,  it  will  be 
compared,  in  section  5.7,  to  the  theories  developed  for  gas 
sorption  and  bubble  nucleation.  The  ability  of  the  model  to 
predict  other  test  results  will  be  discussed  in  Chapter  6. 

To  be  properly  applicable  to  a  number  of  different 
problems,  the  model  of  gas  exsolution  must  incorporate  the 
appropriate  boundary  conditions.  It  should  be  independent  of 
the  soil  skeleton  behaviour,  so  that  the  undrained  boundary 
condition ,  which  is  the  easiest  to  maintain  in  the 
laboratory,  will  not  suffice.  From  a  consideration  of  how  a 
general,  combined  theory  of  consolidation  and  gas  exsolution 
might  be  developed,  it  is  clear  that  the  proper  boundary 
conditions  are  those  of  full  drainage.  The  model  must 
consider  an  element  of  soil,  with  a  constant  void  volume  (and 
hence  effective  stress) ,  and  a  constant  pore  pressure,  and  be 
able  to  predict  the  mass  flow  of  fluid  across  the  element 
boundary . 

If  the  model  is  to  be  developed  empirically,  then  this 
fully  drained  boundary  condition  must  also  be  obtained  in  the 
laboratory.  Unfortunately,  this  is  not  a  simple  task.  The 
case  of  a  pore  fluid  under saturated  with  gas,  such  that  the 
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babbles  in  the  pores  are  dissolving  and  water  is  flowing  into 
the  sample,  is  possible.  This  is  the  problem  addressed  by 
Black  &  Lee  (1973)  ,  although  their  experimental  method  was 
not  ideal  for  studying  a  sample  with  homogeneous  conditions. 
They  prepared  a  sample  of  Ottawa  sand  at  100%  relative 
density,  and  allowed  a  measured  quantity  of  water  to 
percolate  into  the  bottom  of  the  sample,  to  reach  a 
pre-determined  saturation.  Then,  after  closing  the  bottom 
drain  line,  a  back  pressure  was  applied  to  the  top  drain 
line,  which  allowed  a  further  quantity  of  water  to  surge  into 
the  top  of  the  sample.  After  1  minute  the  top  line  was 
closed  and  the  back  pressure  and  sample  drainage  was 
reapplied  to  the  bottom  drain.  This  method  can  net  guaranty 
an  homogeneous  distribution  of  gas  and  liquid  throughout  the 
voids  of  one  sample,  and  it  cannot  produce  a  consistent 
distribution  from  one  sample  to  the  next,  nor  can  this 
distribution  be  determined  for  any  one  sample.  This  is  a 
serious  shortcoming  of  the  test  technique,  since  the 
distribution  of  pore  gas  and  liquid  must  have  an  influence  on 
the  test  results. 

This  testing  technique  can  be  improved  by  changing  the 
method  of  sample  preparation.  If  a  fully  saturated  sample 
containing  dissolved  gas  was  prepared  in  a  manner  similar  to 
that  described  in  Chapter  3,  and  unloaded  with  an  undrained 
boundary  condition,  then  a  relatively  homogeneous  nucleation 
of  gas  bubbles  should  occur  throughout  the  sample.  Drained 
tests  could  then  be  performed  by  adjusting  the  external 
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pressure  to  a  value  equivalent  to  the  sample  pore  pressure, 
opening  a  drainage  line  to  the  sample,  measuring  an  initial 
volume  on  an  in-line  burette,  applying  a  step  increase  in 
back  pressure  and  then  monitoring  the  volume  of  fluid 
draining  into  the  sample  with  time. 

The  method  still  suffers  at  least  two  disadvantages, 
the  second  one  rather  severe: 

(a)  Any  fluid  draining  into  the  sample  would  presumably 
be  bubble  free  and  have  a  lower  gas  concentration  than 
the  pore  fluid.  This  would  create  a  change  in  the 
total  gas  concentration  in  the  system,  which  would 
change  the  equilibrium  and  hence  transient  pore  volume 
response.  In  addition,  it  would  introduce  an 
inhomogeneity  in  the  bubble  distribution  at  the  ends  of 
the  sample,  which  would  further  modify  the  transient 
response . 

(b)  The  test  technique  may  work  reasonably  well  for  a 
step  increase  in  pore  pressure,  with  fluid  draining 
into  the  sample,  but  would  not  be  amenable  to  a  step 
decrease  in  pore  pressure  with  flow  of  pore  fluid  out 
of  the  sample.  The  latter  would  introduce  problems  of 
two-phase  fluid  flow  as  well  as  bubble  nucleation 
outside  the  sample,  both  of  which  would  not  be 
controllable,  and  both  of  which  would  influence, 
perhaps  drastically,  the  nature  of  the  transient 
response.  It  would  also  be  difficult  simply  to  measure 
the  volume  of  pore  fluid  expelled  from  the  sample. 
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Perhaps  the  restrictions  on  monitoring  the 
behaviour  of  supersaturated  pore  fluids  would  not  be  so 
severe  if  this  behaviour  were  similar  to  the  response 
of  a  sample  with  an  under  saturated  pore  fluid. 
However,  in  the  former  case  the  bubble  nucleation 
process  has  a  definite  influence  whereas  in  the  latter 
it  is  probably  not  operative  at  all. 

Fortunately,  it  is  possible  to  observe  the  drained 


behaviour  of  a 

gassy 

sample  in  another  way. 

This 

will  be 

referred  to  as 

the 

"psuedo-dr ained"  response, 

for 

reasons 

which  will  be  presently  apparent. 

Consider  again  Test  No.  11,  which  was  described  in 
some  detail  in  Chapter  3,  This  was  an  isotropic  undrained 
test  on  an  initially  fully  saturated  sample,  with  initial 
conditions  of  a  -  140C  KPa,  u  ~  650  KPa,  and  o'  =  750  KPa. 
The  sample  was  unloaded  in  steps  of  A a  t  -100  KPa  in  phases  A 
to  J  of  the  test,  (the  sample  response  may  be  seen  in  Figures 
3.20  to  3.29).  At  the  end  of  phase  J ,  a "  had  just  reduced  to 
0  KPa,  a  =  u  =  458  KPa,  and  the  sample  had  undergone  a 
volumetric  strain  of  approximately  1%  (expansion).  During 
the  next  phase,  K,  a  further  step  decrease  in  o  was  applied 
from  458  to  342  KPa.  Because  o'  =  0,  u  also  decreased  from 
458  to  342  KPa  (B  =  1) ,  and  for  the  duration  of  that  phase  of 
the  test  o'  =  0  and  u  =  constant.  These  are  the  boundary 
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conditions  for  a  drained  test,  (even  though  the  sample 
appeared  to  be  undrained) .  Since  there  was  no  change  in 
effective  stress  during  this  phase  of  the  test,  the  void 
ratio  of  the  sample  must  also  have  remained  constant. 
Volumetric  strains  measured  external  to  the  membrane  were  due 
solely  to  drainage  of  fluid  out  of  the  actual  sample,  which 
acted  to  "balloon"  the  membrane  and  top  cap.  During  phase  K 
of  Test  11,  an  additional  3.8%  of  volume  expansion  was 
measured  due  simply  to  gas  exsolution. 

As  an  aside,  it  is  interesting  to  note  that  during  all 
the  psuedo-dr ained  tests,  the  sample  maintained  its  shape  and 
did  not  "liquify"  or  otherwise  act  in  a  viscous  manner.  This 
was  true  despite  measured  volume  changes  of  the  pore  fluid 
equivalent  to  up  to  15%  of  the  total  sample  volume,  and 
elapsed  times  of  several  hours.  One  might  speculate  on  the 
reason  for  this.  One  possibility  is  that  a  small  positive 
effective  stress  is  maintained  in  the  sample  due  to  surface 
tension  effects  despite  the  fact  that  pressures  in  both  the 
gas  and  liquid  phases  are  high,  and  their  difference  is 
relatively  small. 

All  the  psuedo-dr ained  tests  (phases  7H,  UK,  9L,  9M, 
9N)  were  performed  before  the  development  of  the  lateral 
strain  indicator,  discussed  in  Chapter  3,  so  that 


sample 
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deformations  were  measured  only  by  displacement  of  the  top 
cap.^  Since  the  sample  was  unencumbered  by  the  lateral 
strain  indicator,  which  was  stiff  compared  to  the  pore  fluid 
compressibility  at  this  stage  of  the  test,  the  membrane  was 
free  to  expand  in  a  relatively  uniform  manner.  The  measured 
vertical  strains  may  be  expected  to  be  slightly  low  due  to  a 
’’ballooning"  of  the  membrane  at  sample  mid-height,  but  the 

measured  time  variation  of  is  expected  to  represent  the 
actual  pore  volume  changes  in  form  if  not  exactly  in  value. 

A  comparison  of  measured  cell  and  pore  fluid  pressures 
when  o'  =  0  also  indicates  a  confining  influence  of  the 
membrane  of  8  to  10  KPa. 

The  volumetric  strain  vs  time  plot  for  phase  11K  is 
found  in  Figure  3.30,  and  similar  plots  for  phases  7H,  and  9L 
to  9N  are  located  in  Appendix  C.  This  data  is  summarized 

also  on  a  plot  of  log  £ vo^  vs  log  t  in  Figure  5.1.  The  data 
is  presented  in  this  fashion  to  test  the  applicability  of 
Black  &  Lee's  {1973}  relationship: 

£ vol  =  0<x<l  (5.12) 


8 

It  would  have  been  useful,  during  these  phases  of  the  tests, 
to  also  measure  sample  volume  changes  using  the  volume  change 
of  the  cell  fluid.  As  discussed  in  Chapter  3,  however,  this 
was  not  possible  due  to  exsolution  of  gas  in  the  cell  fluid 
itself . 
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Figure  5.1  -  Volumetric  strain  vs  time  for  psuedo-drained  tests 
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As  may  be  seen  in  Figure  5.1,  this  relationship  is 
approximately  valid  for  10<t<100  minutes.  For  t<10  minutes, 
the  data  is  consistently  flatter  (i.e.  a  smaller  x)  than  for 
later  times.  For  t>100  minutes,  the  curves  again  deviate 
from  a  straight  line  relationship.  This  is  due  partly  to  the 
asymptotic  nature  of  the  pressure-time  response  and  partly 
due  to  loss  of  gas  from  the  sample  by  diffusion  through  the 
membrane . 

The  measurement  of  volumetric  strain  in  the 
psuedo-drained  tests  is  actually  a  measurement  of  the  volume 

of  rree  gas,  f  produced  in  the  pore  space.  The  form  of 
the  relationship  between  Vfg  and  t  is  illustrated 
diagrammatically  in  Figure  5.2.  It  is  characterized  by  an 
initial  volume  at  t=0 ;  a  relatively  quick  rate  of  increase 
dV/dt  at  low  t,  diminishing  to  0  at  infinite  time;  and  V 

becoming  asymptotic  to  some  value  V2.  For  an  unloading  phase 
of  a  psuedo-drained  test  (e.g.  phase  11K) ,  is  the 
equilibrium  volume  from  the  previous  phase  ( 11 J)  adjusted  for 
the  pressure  decrease  (according  to  Boyle^s  law)  at  the 
beginning  of  phase  K,  and  is  the  equilibrium  volume  of 
free  gas  for  the  current  phase  calculated  from  Henryks  law. 

The  vs  t  response  is  similar  to  the  p  vs  t 
response  in  the  undrained  tests,  and  one  might  therefore 

postulate  a  similar  relationship  to  that  given  in  section 


4.2: 


Volume  of  free  gas 
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TIME 


Figure  5.2  -  Diagrammatic  relationship  between  volume  of  free  gas 
in  the  pores  and  time  for  a  drained  test  on  a  gassy  soil.  Pore 
fluid  supersaturated  with  gas. 
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(V"vl)/(V2-V1)  =  t/(t+A") 

or  V  =  V]_  +  (V2-V1)  *  t  /  (t+A')  (5.23) 

A  non-linear  "least  squares"  fit  using  this  function  is  shown 
for  tests  7H,  11K  and  9L-N  in  Figures  5.3  to  5.7  (curve 

labelled  "quotient+1  fit").  The  agreement  between  observed 
and  predicted  values  is  excellent. 

This  function  suffers  one  disadvantage,  however.  To 
develop  the  more  general  consolidation  equation,  it  will  be 
necessary  to  provide  an  expression  for  DV^  /Dt. 
Differentiating  5.23,  we  get: 

DVfg/Dt  =  {V2-Vi)/(t+A")  -  (V2-Vi) *t/(t+A") A2 
=  (V2-Vi_)  *AV  (t+A")  "2 

=  (V2“Vfg)/(t+A")  (5.24) 

Although  equation  5.23  provides  a  good  fit  to  the  data,  it  is 
cumbersome  because  (5.24)  contains  t  in  the  denominator.  A 
functional  relationship  of  the  form: 

DVfg/Dt  =  E*(V2  -  Vf g)  (5.25a) 

would  be  much  more  tractable.  Equation  (5.25a)  may  be 

obtained  from  (5.24)  by  ignoring  the  t  term  in  the 

denominator  and  setting  E  =  1/A' .  Equation  5.25a  is  a 
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Figure  5 . 3 
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Figure  5.4 
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NON-LINEflR  REGRESSION,  TEST  NO.  3U 


Figure  5.5 
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Figure  5.6 
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NGN-LJNERR  REGRESSION,  TEST  NO.  SM 


Figure  5.7 
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first-order  ordinary  differential  equation  that  can  be  solved 
to  give: 


Vfg  =  v2  “  (v2“v1)*exp[-E*t]  (5.25b) 

The  term  t/(t+A>)  in  equation  5.23  has  thus  been  replaced  by 
(1-exp [-E*t] ) .  A  non-linear  least  squares  fit  for  this 
function  on  the  observed  data  is  also  shown  on  Figures  5.3-7, 
(labelled  "exponential  fit").  The  agreement  between  observed 
and  predicted  points  is  good,  but  not  quite  as  good  as  for 
equation  5.23.  As  would  be  expected,  the  neglect  of  the  term 
t  in  the  denominator  of  (5.24)  yields  a  slightly  higher  value 

at  larger  values  of  t,  with  the  result  that  the 
exponential  curve  slightly  over-estimates  the  data  for  larger 
t.  At  lower  values  of  t  the  two  theoretical  curves  are 
nearly  identical. 

The  psuedo-drained  test  results,  then,  will  be  deemed 
to  have  been  acceptably  modelled  by  equations  (5.25a  &  b)  . 
The  fit  between  observed  and  predicted  values  is  reasonable, 
and  the  expression  for  DV^  /ot  is  independent  of  time,  which 
makes  the  function  very  useful  in  further  analyses.  The 
advantages  of  using  equation  5.25a  over  5.24  will  become 
apparent  as  the  combined  theory  of  consolidation  and  gas 
exsolution  is  developed  in  Chapter  7. 

The  ability  of  equation  5.25  to  predict  undrained  test 
results  will  be  discussed  in  Chapter  6. 
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5.7  AN  EVALUATION  OF  TH2  GENERAL  GAS  SXSOLUTION  RELATIONSHIP 

In  the  preceeding  section  an  empirical  relationship 
has  been  proposed  to  model  gas  exsolution: 

Vfg  =  v2  "  (V2-Vi)*exp[-E*t]  (5.25b) 

DVfg/Dt  =  E  *  (V2  -  Vfg)  (5.25a) 

=  E  *  (V2  -  vx)  *  exp [-e*t]  (5.25c) 

It  is  interesting  to  compare  the  general  relationship  (5.25c) 
with  the  theoretical  relationships  previously  derived  for  gas 
sorption: 

dV/dt  =  8*tt*K*H*  (1-f)  *R/(S-R)  * 

l { exp [-K*a~2* t ]  *  [sin  and  sin~2  terms]}  (5.16) 

and  for  bubble  nucleation: 

J  =  Z  *  exp  [-4*7r*Ts*i:c/'2/  (3*k*T)  ]  (5.21a) 

All  three  of  these  equations  have  a  similar  form.  The 

correspondence  between  (5.25c)  and  (5.16)  is  obvious. 
Indeed,  for  the  case  of  an  under  saturated  pore  fluid,  where 
the  sorption  process  is  probably  the  only  major  contributor 
to  gas  exsolution,  it  would  be  very  tempting  to  equate  E  with 
gas  diffusivity.  Equation  5.21a  does  not  contain  time 
explicitly,  but  it  does  contain  the  magnitude  of  the 
super saturation  c2/c2s  through  the  term  rc.  For  a  higher 


24 


degree  of  super saturation ,  c2/c2s  is  large  and  hence  rc  is 
small.  The  smaller  r^  is ,  the  larger  is  the  bubble 
nucleation  rate  J,  which  must  have  a  direct  influence  on 

increasing  DVfg/Dt.  From  (5.25a)  DVf  /Dt  is  seen  to  be 
higher  for  higher  super saturations  (i.e.  for  larger  values  of 

V2“vfg)  •  Another  way  to  view  this  correspondence  is  to 
realize  that  at  t=0 ,  rc  is  extremely  small  (due  to  a  high 

c2/c2s) '  kut  that  at  t  approaches  infinity,  c2^c2s  approaches 
1  and  hence  rQ  also  approaches  infinity.  rc  is  therefore 
directly  proportional  to  t. 

The  intent  of  the  above  comments  is  not  to  suggest 
that  (5.25c)  can  be  derived  from  either  or  both  of  (5.16)  and 
(5.21a),  but  to  point  out  that  the  observed  behaviour 
corresponds  in  form  to  what  is  perceived  to  be  the  dominant 
processes  in  the  pore  space. ^ 


5.3  SUMMARY 

A  definition  of  gas  exsolution  has  been  presented, 
which  is  that  gas  exsolution  in  soils  is  the  observed 
production  of  gas  in  the  pore  space  upon  reduction  in  fluid 
pressure.  Several  contributing  processes,  gas  sorption  and 
bubble  nucleation,  have  been  discussed.  A  general 


9 

It  should  also  be  noted  here  that  the  additional  process  of 
bubbles  forming  at  nucleation  sites  on  included  solids  has 
yet  to  be  modelled  (mathematically)  in  a  suitable  way.  This 
contribution  to  bubble  nucleation  is  also  seen  as  important. 


242 


relationship  between  the  volume  of  free  gas  in  the  pores  and 
time  has  been  proposed,  based  on  observed  behaviour  in  the 
laboratory.  This  relationship  has  been  compared  to  the 
theoretical  relationships  governing  gas  sorption  and  bubble 
nucleation,  and  found  to  possess  a  similar  form. 


CHAPTER  5 


EVALUATION  OF  LABORATORY  RESULTS 


UNDRAINED  TRANSIENT  RESPONSE 


6.1  GENERAL 

An  appraisal  has  been  made  of  the  observed  undrained 
equilibrium  behaviour  of  a  gassy  soil  in  Chapter  4  in 
relation  to  the  theoretical  model  presented  in  Chapter  2.  It 
is  desirable  to  extend  this  evaluation  of  the  laboratory  data 
to  the  undrained  transient  response.  This  may  be 
accomplished  given  an  appropriate ,  non-equilibrium 
volume-time  relationship. 

Transient  behaviour  in  an  undrained  element  of  gassy 
soil  is  due  to  gas  exsolution.  An  empirical  relationship  was 
proposed  in  Chapter  5  of  the  form: 

DVfg/Dt  =  E  *  (V 2**V f g )  (5.25a) 

A  finite  difference  solution  to  the  transient 
undrained  response  is  formulated  directly  in  this  chapter, 
using  the  above  relationship  plus  the  theoretical 
developments  of  Chapter  2.  The  results  of  some  analyses  are 
then  presented;  a  comparison  is  made  between  predicted  and 
observed  behaviour,  and  the  ability  of  the  transient  model  to 
converge  on  the  equilibrium  solution  is  assessed. 
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5.2  THEORETICAL  CONSIDERATIONS,  TRANSIENT  UNDRAINED  BEHAVIOUR 


The  transient  nature  of  the  undrained  response  in  a 
gassy  soil  is  caused  by  gas  exsolution.  Exsolution  forces 
the  compressibility  of  the  gaseous  component  of  the  pore 
fluid  to  become  time  dependent.  The  compressibility  of  the 
liquid  component  of  the  pore  fluid,  as  well  as  that  of  the 
soil  skeleton,  is  not  influenced  by  gas  exsolution  and  so 
remains  independent  of  time. 

In  developing  a  theoretical  model  for  the  undrained 
response  of  an  element  of  gassy  soil,  equation  2.15c  must 
then  be  modified  as  follows: 

AVt  =  AVX  +  AVfg  (  At)  (6.1) 

Equation  2.14c 

AVt  =  ~eT*vT*  (  Aa-Au) 
and  equation  2.8b 

AV  i  =  -61*v1*Au 

are  still  applicable,  but  the  expression  for  AV^  in  (6.1) 
must  incorporate  the  influence  of: 

(a)  a  non-equilibrium  condition  at  the  beginning  of  the 
time-interval  for  which  Au  is  to  be  calculated,  and 

(b)  a  AV^g  which  is  a  function  of  At. 
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Consider,  then,  an  element  of  gassy  soil,  with  an 
undrained  boundary  and  with  the  boundary  condition  that: 

°1  ~  °3  ~  constant 

At  time  t=0 ,  there  is  a  non-equilibrium  condition  with 

respect  to  gas  dissolved  in  the  pore  fluid,  i.e.  the  pore 

liquid  is  either  under saturated  or  oversatur ated  with 
dissolved  gas,  and  hence  some  of  the  free  gas  in  the  pore 

space  will  either  dissolve  or  exsolve.  This  will  result  both 

in  a  volume  change  in  the  element  and  a  change  in  the  fluid 
pressure . 

Consider  as  well  an  increment  of  time,  At,  during 
which  there  will  be  a  change  in  volume  of  free  gas,  AV^  an<3 
a  change  in  pressure  Au,  (or  AP  =  Au).  Two  methods  will  be 

used  to  calculate  aV^  a  simple  approach  which  uncouples  gas 
compression  and  gas  exsolution,  and  a  more  refined  approach 
which  attempts  to  account  for  the  influence  of  free  gas 
compression  on  the  nature  of  the  dissolved  gas 
disequilibrium,  and  thus  on  gas  exsolution. 

6.2.1  Uncoupled  solution 

The  change  in  volume  of  free  gas  a  Vf  j_3  assumed  to 
occur  because  of  two  independent  processes: 

(a)  a  compression  or  expansion  of  the  free  gas 
according  to  Boyle^s  law: 

(Avfg)i  =  -Vfg*AP/(P+AP) 


(2.6) 
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(b)  exsolution.  In  calculating  this  volume  it  is 
assumed  that  P  =  constant  over  At,  (even  though  AV„  is 
being  derived  to  calculate  Ap) ,  i.e.  that  Ap  does  not 
affect  either  the  rate  or  volume  of  gas  produced  due  to 
exsolution.  This  approximation  becomes  exact  in  the 
limit  as  At  approaches  0,  so  that  for  small  At  it 
should  be  a  reasonable  assumption. 


Then : 

aVfg/At  =  e*<v2  -  v£g> 


(5 . 25a) 


where 


=  equilibrium  volume  of  free  gas  at 
pressure  P. 


Recalling  from  section  4.2.3  the  definition  of  K' , 


K -*  =  the  total  equilibrium  volume  of  dissolved  and 
free  gas  in  the  pore  space  at  any  pressure  V' , 
multiplied  by  T?' . 


Then 


V 2  =  Total  volume  of  gas  -  volume  of  dissolved  gas 
V2  =  K '/P  *  H*VW 


(6.2a) 
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so  that,  from  equation  5.25a, 


(Avfg)2  =  E*At*(KVP  "  H*VW  -  Vfg)  (6.2b) 

Combining  (2.6)  and  (6,2b) 

aVfg  =  <Avfg>l  +  (AVfg)2 

=  -Vfg*AP/(P+AP)  +  E*At*(K'/P-H*Vw-Vfg)  (6.3) 

Substituting  equations  2.3b,  2.14c,  and  6.3  into  equation 

6.1,  the  expression  for  compatibility  of  volume  change  in  the 
pore  fluid  and  soil  skeleton,  gives  (Aa=0): 

3t*Vt*au  =  -31*V1*Au  -  Vfg*AP/(P+AP)  + 

E*At*(K'/P  -  H*VW  -  vfg)  (6.4a) 

Multiplying  both  sides  by  (P+Ap)/vt  and  collecting  terras  for 
Au  (=AP) ,  a  quadratic  equation  is  again  found  for  Au: 

A  *  Au2  ■4-B*Au+C  =  0  (6.4b) 

A  =  6T  +  n*S*Bi 

D  =  E*At*(K7P/VT  -  n*  [  1-S+S*H]  ) 

B  =  n*  (1-S)  +  P*A  -  D 
C  =  -P  *  D 
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This  is  the  uncoupled  solution  for  Au  over  a  time  interval 
At,  given  values  of  n,  S,  and  ?  at  the  beginning  of  the 
interval . ^ 

6.2.2  "Coupled"  Solution 

The  method  used  to  couple  the  gas  compression  and 
exsolution  effects  in  one  time  step  may  appear  to  be  slightly 
arbitrary.  There  is  a  logical  basis  for  it,  however,  which 
leads  to  a  much  more  efficient  algorithm  for  Au. 

Suppose,  for  a  moment,  that  AV^  was  calculated  in  the 
following  manner: 

(a)  (AV£g)  was  calculated  on  the  basis  of  equation 
6.2b,  i.e.  (AV^  =  volume  of  gas  generated  over  At 
due  to  gas  exsolution,  assuming  P  =  constant. 

(b)  A  pressure  change  AP  was  applied  to  (V^  +  (A Vf a )  ]_)  . 

This  procedure  would  modify  (AVf  ) x  according  to  the 
anticipated  pressure  change,  (Boyle^s  law),  but  would  not 
account  for  that  portion  of  the  gas  exsolution  process  that 
changes  because  of  a  changing  solubility  imbalance  (due  to 
AP) .  A  further  computational  modification  will  incorporate 
this  effect.  Suppose  a  pressure  change  is  allowed  in  the 
pore  fluid,  with  no  gas  exsolution.  The  solubility  imbalance 
at  pressure  P  is: 


It  is  interesting  to  compare  this  solution  to  equation  4.8b. 
Referring  to  coefficients  in  equation  4.3b  with  primes,  it 
may  be  seen  that,  (Ag  =  0)  : 

A=A",  3=B"-n*S*H-D,  C=E*  t*C' 
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(V2-Vfg>l  =  K'/P  -  H*VW  -  Vfg  (6.5a) 

The  solubility  imbalance  at  pressure  P+  P  is: 

(V2_vfg>2  =  K'/(P+AP)  -H*VW  -  Vfg*P/(P+AP) 

=  P/(P+AP)  *  {k'/P  -  (P+4P)/P*H*Vw  -  Vfg)  (6.5b) 

If  the  computational  procedure  outlined  in  (a)  St  (b)  above  is 
used,  then  a  modification  that  recognizes  a  changing 
solubility  imbalance  could  be  introduced  in  step  (a)  by 
defining  an  average  solubility  imbalance  for  the  interval: 

(V2~vfg>av  =  (lv2-vfgil  +  <v2-vfg> 21/2  (6.5c) 

However,  since  the  influence  of  changing  pressure  [P/(P+lP)j 
will  be  applied  in  step  (b) ,  this  term  must  be  dropped  from 
the  expression  for  (V2-Vfg)2f  so  that  6.5c  becomes: 

(V2~vfg) av  =  { (K'/P-H*Vw-Vfg)+(K'/P-[P+AP]/P*H*Vw-Vfg) }/2 

=  K'/P  -Vfg  -  H*VW* (1+AP/[2*P] )  <6.5d) 

Then  at  the  end  of  step  (a)  f  the  volume  of  free  gas  in  the 
pores  is: 


(Vfg)l  =  Vfg  +  (AVfg)! 

=  Vf  +  E*At* (K'/P-Vfg-H*Vw* [1+AP/2/P] )  (6.6a) 
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and  at  the  end  of  step  (b) ,  the  volume  of  free  gas  is: 

(Vfg>2  3  P/fP+AP)  *  (Vfg+(AVfg)1)  (6.6b) 

so  that 

AVfg  =  <vfg>2  '  vfg 

=  -AP*Vfg/(p+AP)  +  P* (AVfg) 1/(P+AP)  (6.6c) 

Again,  substituting  equations  2.3b,  2.14c,  and  6.6c 

into  6.1,  an  expression  for  Au  may  be  derived: 

=  "3i*’/]_*Au  -  Au*Vfg/  (P+Au)  + 
P*E*At*{K"/P-Vfg_H*Vw* [1+AP/ (2*P) ] }/(P+Au)  (6.7a) 

or  A  *  Au^  +  3  *  Au  +  C  =  0  (6,7b) 

A,D,C  as  previously  defined  in  (6.4b) 

B  =  P*A  +  n*  (1-S+S*H* [E*At/2] ) 

Note  that  both  equation  6.4a  and  6.7a  give  the  same 
expression,  in  the  limit  (as  Au,  At  approach  0)  for: 

du/dt  =  E  *  {kV(P*Vt)  -  n*[l-S+S*H]}  / 

{  T  +  n*  (S*  ]  +  [l-S]/P)  }  (6.8) 

A  comparison  of  the  computational  efficiency  of  the 
uncoupled  and  "coupled"  solutions  has  shown  that  for  a 
particular  level  of  accuracy,  equation  6.4b  requires  a  time 
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step  1/4  the  size  of  equation  6.7b.  Thus  the  coupled 
solution  is  more  efficient.  However,  it  must  be  understood 
that,  unlike  the  theoretical  equations  for  equilibrium 
behaviour,  both  solutions  are  approximate  and  only  become 
exact  as  At  approaches  0.  This  is  due  to  the  assumptions 
made  in  combining  the  gas  compression  and  exsolution  effects. 

6.3  ANALYSIS 

Equation  6.7b  provides  an  efficient,  but  approximate 
algorithm  for  calculating  the  change  in  pressure  in  an 
undrained  element  of  gassy  soil  over  a  time  interval  At, 
given  a  non-equilibrium  condition  at  the  beginning  of  the 
time  interval. 

This  solution  is  incorporated  into  a  transient 
analysis  of  the  undrained  laboratory  tests,  in  the  following 
manner : 

(a)  At  the  beginning  of  the  laboratory  test,  a  sample 
has  been  prepared  which  has  a  measured  set  of  initial 
conditions,  i.e.  values  of  Vf  vx ,  Vs ,  Cc ,  6W,  H,  E,  P 
and  o  are  known.  The  sample  is  at  equilibrium,  so  that 
no  time-dependent  processes  are  active. 

(b)  A  decrease  in  boundary  stress,  A  a  ,  is  applied  to 
the  element,  causing  an  immediate  change  in  and  p 
due  to  fluid  compressibility.  This  response  can  be 
modelled  using  equation  2.15b  with  H=0. 
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(c)  The  pressure  in  the  fluid  has  changed  due  to  the 
change  in  boundary  stress,  but  immediately  afterwards, 
the  weight  of  dissolved  gas  is  the  same  as  it  was 
before  the  stress  change  occurred.  Since  is 
proportional  to  P  (at  equilibrium),  there  is  now  an 
imbalance  of  dissolved  gas  in  the  pore  fluid.  The  pore 
liquid  is  either  under saturated  or  supersaturated  with 
dissolved  gas  depending  upon  whether  the  boundary 
stress  (and  pore  pressure)  has  increased  or  decreased. 
The  amount  of  solubility  imbalance  may  also  be 
expressed  by  the  term  (V2-Vfg) ,  where  V2  is  the 
equilibrium  volume  of  free  gas  at  the  current  pressure 

and  is  the  actual  volume  of  free  gas. 

(d)  The  value  of  for  the  sample  may  be  computed  from 
the  initial  conditions,  an  interval  of  time  At  may  be 
selected,  and  equation  6.7b  applied  to  predict  the 
change  in  pressure  Au  for  the  time  interval.  Knowing 
Au,  the  initial  conditions  outlined  in  (a)  may  be 
adjusted  to  the  end  of  the  time  interval  using 
equations  2.8b,  2.14c,  and  6.3. 

(e)  In  this  manner  the  analysis  may  proceed,  time  step 
by  time  step,  until  equilibrium  conditions  are  again 
established . 

(f)  The  equilibrium  solution  for  u  and  obtained 
from  the  transient  analysis,  (at  "infinite”  time),  may 
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be  compared  to  the  equilibrium  equation  (2.15b,  H^O) 
and  an  assessment  made  of  the  convergence  of  the 
transient  analysis. 

(g)  Both  solutions  (equilibrium  and  transient)  may  then 
be  compared  with  the  actual  sample  response.  It  is 
necessary  to  make  the  transient  predictions  using 
several  values  of  E  to  bracket  the  observed  behaviour. 

This  analytical  procedure  was  coded  for  the  computer, 
and  the  program  is  located  in  Appendix  F.  Figure  6.1 
provides  a  flowchart  of  the  program  logic. 

6.4  COMPARISON  OF  PREDICTED  AND  OBSERVED  BEHAVIOUR 

A  comparison  between  predicted  and  observed  ’’pressure 
vs  time”  behaviour  for  Test  Number  11  will  be  presented  in 
this  section.  The  results  of  analyses  for  all  the  other 
isotropic  tests  and  constant  K  tests  were  of  a  similar 
nature.  They  are  located  in  Appendix  G,  and  summarized  later 
in  this  section. 

Initially,  an  analysis  of  Test  No.  11  was  performed 
assuming  S=100%  at  the  beginning  of  the  test,  or  S=99.92%  at 
the  start  of  Phase  B,  where  air  exsolution  begins  to  occur. 
The  results  of  these  analyses  are  presented  in  Figures  6.2  to 
6.11.  A  perusal  of  these  figures  will  allow  an  evaluation  of 
the  analytical  method.  The  following  points  are  noteworthy: 
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Figure  6.1 

Flowchart  for  computer  program  to  analyze 
undrained  transient  response  of  gassy  soil 
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Figures  6.2  and  6.3 
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Figures  6.4  and  6.5 
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Figures  6.6  and  6.7 
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Figures  6.8  and  6.9 
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Figures  6.10  and  6.11 
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(a)  The  fit  between  observed  and  predicted  results  is 
excellent,  (except  phases  B  &  C ,  discussed  below). 
This  is  true  of  both  the  transient  predictions  and  the 
equilibrium  prediction.  For  some  phases  (e.g.  D  or  J)  , 
the  fit  for  the  transient  response  is  almost  perfect, 
but  for  most  phases  (E ,  F ,  G ,  H ,  L  and  M)  the  observed 
behaviour  is  somewhat  flatter  than  the  predicted 
response.  Mathematically,  this  is  attributable  to  the 
use  of: 


DV 


fg/Dt  =  E*(V2-Vfg) 


(5.25a) 


instead  of: 


DV 


fg/Dt  =  (V2-Vfg)/(t+A) 


(5.24) 


Equation  5.25a  tends  to  overpredict  the  rate  of  change 
of  free  gas  volume  at  longer  times,  as  discussed  at  the 
end  of  Section  5.6. 

(b)  Physically,  there  is  no  reason  to  expect  that 

DVfg/Dt  =  f(t)  unless  some  additional  process  is 
functioning  besides  those  of  gas  sorption  and  bubble 

nucleation  in  the  pore  space.  It  is  postulated  that 
the  inclusion  of  t  in  (5.24),  which  produces  a  better 
fit  to  the  osuedo-dr ained  test  results  than  (5.25a),  is 


due  to  diffusion  of  gas  through  the  sample  membrane 
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Thus,  the  tendency  of  the  observed  sample  response  to 
become  flatter  than  the  predicted  response  in  the 
undrained  tests  is  also  attributed  to  this  cause.  It 
is  also  suggested  that  equation  5.25a  is  the  more 
fundamentally  correct  expression  for  the  "true"  gas 
exsolution  response. 

(c)  The  predicted  curves  for  the  transient  response 
become  asymptotic  after  a  long  time  to  the  predicted 
equilibrium  pressure,  indicating  that  the  transient 
solution  is  converging  properly.  For  the  one  analysis 
where  this  was  not  the  case  (phase  L)  the  discrepancy 
(or  poor  convergence)  was  found  to  be  due  to  an  overly 
large  time  step. 

(d)  As  discussed  in  Section  3.7,  3-tests  performed 
before  the  commencement  of  phase  A,  and  then  at  the 
beginning  of  phase  3  of  Test  11  indicated  that  the 
initial  saturations  were  actually  99.75  and  99.5% 
respectively.  The  assumption,  in  this  analysis,  of 
S=10O%  at  the  start  of  phase  A,  and  of  S=99.92%  at  the 
start  of  phase  B,  caused  the  initial  pore  pressures  for 
phases  3  and  C  to  be  markedly  under-predicted,  (Figures 
6.2  and  6.3).  As  the  sample  saturation  decreased,  this 
effect  of  an  initial  error  in  S  became  less  noticeable 
(e.g.  phases  D  onward).  Since  the  predicted  value  of 

was  so  low  in  phases  B  and  C,  the  transient  analysis 
also  produced  a  poor  fit  to  the  laboratory  data. 
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Analyses  for  phases  3  &  C  were  rerun  using  S.  =  99.5% 
and  the  results  are  illustrated  in  Figures  6.12  and 
6.13.  The  fit  between  observed  and  predicted  behaviour 
is  remarkably  improved.  This  underlines  the  importance 
of  correctly  determining  the  initial  saturation,  and 
hence  the  value  of  P^  for  the  transient  analysis, 
without  which  the  agreement  between  theoretical  and 
actual  behaviour  will  be  poor. 

(e)  A  preliminary  comment  will  be  made  here  regarding 
the  predicted  behaviour  in  phase  L  of  the  test.  Phase 
L  represents  a  reloading  of  the  sample  from  a  condition 
of  cr'  =  0.  A  psuedo-drained  unloading  test  had  been 
performed  in  the  preceeding  phase  (J)  .  The  behaviour 
of  the  sample  was  very  difficult  to  model  at  the 
beginning  of  phase  L,  since  if  was  uncertain  what  the 
effective  stress  actually  was.  Using  a  linear  e  vs 
log  o'  relationship,  and  the  known  volume  of  gas  in  the 
sample,  an  equivalent  initial  void  ratio  was 
calculated,  and  hence  an  initial,  small  value  of  o'. 
The  theoretical  model  predicted  the  response  shown. 
The  unusual  characteristic  of  this  response  is  the  flat 
initial  portion  of  the  P  vs  t  curve,  due  to  the  large 
volumes  of  free  gas  present  at  the  beginning  of  the 
phase.  It  is  significant  that  the  actual  P  vs  t 
response  shows  no  such  distinctive  behaviour.  This 
will  be  discussed  further  at  the  end  of  this  section. 
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Figures  6.12  and  6.13 
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(f)  It  might  also  be  noted  that  the  agreement  between 
predicted  and  measured  volumetric  strains  in  the  sample 
was  excellent.  A  comparison  of  the  two  is  somewhat 
artificial,  however,  as  the  measured  volumetric 
response  of  the  soil  sample  has  been  input  to  the 
theoretical  analysis  via  the  soil  compressibility  £T> 
Thus  no  presentation  of  these  results  is  made  here. 

6.4.1  An  Evaluation  of  Henrv's  constant 


Having  fully  developed  the  analytical  tools  to  assess 
the  laboratory  tests,  it  is  appropriate  here  to  investigate 
the  manner  in  which  Henryks  constant  for  gas  solubility 
influences  the  theoretical  predictions.  Up  until  this  point, 
a  tacit  assumption  has  been  made  that  the  solubility  of  a  gas 
in  the  pore  liquid  is  equivalent  to  the  solubility  of  the 
same  gas  in  the  pure  solvent,  at  the  same  temperature.  Thus 
it  has  been  assumed  that  the  existence  of  a  particle  matrix 
has  not  affected  the  solubility  of  the  gas.  This  may  be  a 
reasonable  assumption  for  relatively  coarse-grained  soils 
composed  of  chemically  inert  particles,  but  will  not 
necessarily  be  true  of  finer-grained  or  more  chemically 
active  soils. 

The  analysis  for  phase  E  of  Test  No.  11  was  rerun 
several  times,  using  an  initial  saturation  (99.03%)  which 


would  accurately  predict  its  initial  pressure  response,  and 
using  several  different  values  of  H  ranging  from  0.02  (the 
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value  for  air  in  water)  to  0.68,  (the  value  for  C02  j_n  water, 
0.86,  was  presented  in  Figure  6.5).  The  results  are 
summarized  in  Figures  6.14  to  6.19. 

It  is  obvious  that  the  assumed  value  for  H  has  an 
extreme  influence  on  the  magnitude  of  both  the  equilibrium 
pressure  and  the  transient  response.  For  this  particular 
phase,  judging  by  these  criteria,  an  H  <  0.5  would  be 
unacceptable.  Although  the  curves  for  H  =  0.5  give  a 
reasonable  fit  to  the  transient  data  at  shorter  times,  they 
underpredict  the  equilibrium  pressure.  This  value  of  H  is 
also  of  questionable  acceptability.  It  was  this  difference 
in  response  that  allowed  a  differentiation  between  an  air- 
saturated  pore  fluid  (phase  B)  and  a  C02_sa tur ated  pore  fluid 
(phase  C) . 

The  value  of  H  used  in  the  analysis  also  has  a 
significant  influence  on  the  "best-fit”  value  of  E.  Consider 
Figure  6.20,  which  is  a  plot  for  an  analysis  of  Test  No.  11, 
Phase  C,  using  H  =  0.02.  As  discussed  above,  the  use  of  H  = 
0.02  for  phase  C,  which  involved  C02  exsolution,  will 
seriously  underestimate  the  equilibrium  pressure.  However, 
the  predicted  equilibrium  pressure  can  be  forced  to  match  the 
observed  value  by  increasing  the  supersatur ation  at  the 
beginning  of  the  phase  through  the  input  parameter  K' ,  (KBAR 
on  Figure  6.20).  Given  the  initial  conditions  of  phase  11C 
and  assuming  equilibrium,  for  air  as  the  pore  gas,  =  3055 
KPa-cc.  K'  must  be  increased  to  4410  KPa-cc  to  force  a  fit 
on  the  observed  data.  When  this  is  done,  however,  the 
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Figures  6.14  and  6.15 
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Figures  6.16  and  6.17 
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Figures  6.18  and  6.19 
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Figure  6.20 
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"best-fit"  value  of  E  for  phase  C  is  increased  from  0.001  to 
approximately  0.025.  If  E  is  akin  to  k,  the  diffusivity  of 
gas  in  a  liquid,  then  this  dependence  of  E  on  H  can  be  easily 
rationalized.  If  a  lower  value  of  H  is  input  in  the 
analytical  model,  then  a  higher  value  of  E  must  be  necessary 
to  match  the  same  observed  behaviour.  In  other  words,  the 
diffusion  process  has  to  occur  more  quickly  to  transfer  the 
same  amount  of  gas  from  the  dissolved  to  the  free  state, 
because  the  gas  must  be  brought  to  the  bubble  from  a  greater 
distance  in  the  liquid. 

6.4.2  Variation  of  E  with  initial  saturation 

It  is  clear  from  a  survey  of  Figure  6.12  and  Figures 
6.4  to  6.11  that  the  gas  exsolution  "constant",  E,  is 
actually  a  function  of  initial  gas  saturation.  The  value  of 
E  ranges  from  0.0012  (phase  C)  to  approximately  0.02 
(phase  J)  .  The  larger  values  of  E  towards  the  end  of  the 
test  indicate  a  quicker  transient  response.  This  was 
initially  noted  in  Section  4.5,  where  an  assessment  of  the 
transient  behaviour  was  made  purely  on  an  empirical  basis. 

The  "best-fit"  values  of  the  parameter  E  for  all  the 
isotropic  and  constant  K  tests  are  summarized  in  Table  6.1 
and  plotted  in  Figure  6.21.  These  were  obtained  by  visual 
inspection  of  the  plots,  similar  to  those  in  Figures  6.2  to 
6.9,  for  tests  7,  9,  11,  23,  12,  15,  21  and  22.  The 
variation  in  E  with  gas  saturation  is  remarkably  consistent 
in  all  tests,  except  Test  No.  9,  where  some  problems  with 


TABLE  6.1  -  SUMMARY  OF  THE  GAS  EXSOLUTION  PARAMETER  E  FOR  ALL  TESTS 
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Figure  6.21-  Variation  of  E  with  Gas  saturation 
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leakage  of  gas  from  the  sample  were  encountered  during  the 
early  stages  of  the  test.  At  lower  gas  saturations  (S  <  l%) 
the  E  vs  Sg  relationship  appears  to  be  linear,  but  with  the 
inclusion  of  data  from  the  last  three  phases  of  Test  No.  11, 
plus  the  psuedo-dr ained  test  results,  it  is  clear  that  the 
relationship  is  non-linear,  and  that  at  higher  gas 
saturations  the  exsolution  process  is  even  faster  than  would 
be  expected  from  the  linear  relationship. 

A  discussion  of  gas  ex solution  was  presented  in 
Chapter  5,  with  mention  of  the  two  microscopic  processes  that 
are  thought  to  dominate  the  behaviour,  gas  sorption  and 
bubble  nucleation.  It  is  hypothesized  that  the  increase  of  E 

with  Sg  is  due  to  an  increased  number  of  bubbles  in  the  soil 
sample,  leading  to  both  an  increased  surface  area  of 
liquid/gas  contact,  and  to  a  decreased  length  of  diffusion 
path.  3oth  cf  these  changes  will  increase  the  observable 
rate  at  which  gas  is  produced  in  the  soil.  If  such  is  the 
case,  this  functional  relationship  between  E  and  S  should  be 
more  pronounced  upon  unloading,  where  both  bubble  nucleation 
and  growth  are  operative,  than  upon  loading,  where  only 
bubble  shrinkage,  (aided  by  bubble  extinction,  eventually), 
is  important. 

The  dependence  of  E  on  Sg  may  also  provide  some 
explanation  for  the  behaviour  noted  in  Figure  6.10  (Test  11, 
Phase  L) ,  The  predicted  pressur e-time  response  for  reloading 
shows  an  initial  flat  portion  to  the  curve,  indicative  of  the 
time  necessary  to  dissolve  a  large  volume  of  free  gas.  The 
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model,  however,  assumes  an  E  which  is  constant  with  gas 
saturation.  Since  for  this  phase  of  the  test  there  is  a 
large  reduction  in  ,  there  should  also  be  a  reduction  in  E, 
which  would  tend  to  remove  the  flat  portion  of  the  predicted 
response . 

In  fact,  this  change  in  E  with  is  operative  during 
all  phases  of  the  various  tests,  so  that  an  assumption  of 
constant  E  is  only  an  approximation.  For  phases  where  u  is 
relatively  high  and  the  absolute  value  as  well  as  the  change 

in  3^  is  small,  the  approximation  is  reasonable.  Where  u  is 
low,  and  and  Sg  high,  such  as  in  Phase  L  of  Test  11,  the 
model  is  not  as  good  at  predicting  the  actual  pressure- 
response  . 


6.5  SUMMARY 

In  this  chapter,  the  empirical  relationship  between 


volume  rate  of 

free  gas  production 

and 

gas 

solubili tv 

mt. 

imbalance  for 

the 

drained  element 

of 

soil 

has  been 

incorporated  in 

an 

approximate  manner 

into 

a  finite 

difference  model 

for 

pressure  change  vs 

time 

in  an 

undrained 

soil  element.  The  laboratory  test  results  have  been 
reanalyzed  using  this  model,  and  the  model  has  shown 
excellent  predictive  capabilities.  A  minor  discrepancy 
between  observed  and  predicted  values  at  longer  times  (the 
latter  half  of  each  phase  of  the  test)  is  attributable  to  the 
form  of  the  empirical  relationship: 
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DVf g/D t  = 


(V2-Vfg) 


(5.25a) 


which  was  used  instead  of  the  more  "accurate"  equation: 


DV 


fg/Dt  =  (V2-Vfg)/(t+A) 


(5.24) 


The  choice  of  equation  5.25a  over  equation  5.24  was  made  for 
analytical  reasons,  but  it  is  felt  that  equation  5.25a  is 
actually  more  representative  of  the  true  gas  exsolution 
response.  Equation  5.24  is  more  accurate  at  predicting  the 
laboratory  results  because  it  is  capable  of  accounting  for 
diffusive  gas  losses  from  the  sample. 

The  transient  solution  was  found  to  converge  on  the 
theoretical  equilibrium  solution  as  t  approached  infinity,  as 
long  as  small  time  steps  were  used. 

The  analysis  of  the  undrained  test  results  also 
revealed  a  relationship  between  E  and  S  which  is  thought  to 
be  due  to  the  nucleation  of  a  large  number  of  bubbles  in  the 
soil  element  as  gas  exsolution  progresses. 


CHAPTER  7  -  A  COMBINED,  GENERAL  THEORY 


OF  CONSOLIDATION  AND  GAS  EXSOLUTION 


7.1  INTRODUCTION 

Pore  pressures  in  soil  that  are  time-dependent,  or 
transient,  have  traditionally  been  recognized  as  due  to 
consolidation.  Consolidation  is  that  process  by  which  the 
support  for  an  external  load  is  transferred  from  the  pore 
fluid  to  the  soil  skeleton.  Pore  pressures  are  normally 
reduced  and  effective  stresses  increased  as  the  water  drains 
from  the  soil  mass  and  the  volume  of  the  soil  decreases.  The 
form  of  the  pressure-time  response  is  governed  by  the  initial 
pore  pressure  distribution  in  the  soil  and  the  pressure  or 
flow  boundary  conditions. 

With  the  recognition  of  gas  exsolution  as  another 
process  that  causes  a  transient  pore  pressure  response  in  the 
soil,  and  with  an  ability  to  model  this  process,  it  is  of 
interest  to  attempt  to  combine  gas  exsolution  and 
consolidation  in  one  general  theory.  This  is  particularly  so 
when  one  recognizes  that  for  most  problems  of  geotechnical 
interest,  these  processes  work  to  oppose  each  other.  For 
example,  consider  any  problem  where  a  soil  mass  is  unloaded, 
such  as  in  excavating  a  foundation  or  a  slope,  or  tunnelling 
in  a  soil  mass.  Because  the  insitu  total  stresses  are 
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reduced,  the  undrained  and  immediate  response-^-  of  a  gassy 
soil  is  to  cause  a  reduction  in  pore  pressure.  Subsequent 
pressure  boundary  conditions  usually  cause  a  further 
reduction  in  pore  pressure  due  to  consolidation,  whereas,  if 

the  initial  undrained  response  is  to  decrease  P  below  p,  ,  . 

1/ 9 

then  the  tendency  of  gas  exsolution  is  to  cause  an  increase 
in  pore  pressure.  At  infinite  time,  the  pressure  boundary 
conditions  must  prevail,  but  the  interim  pressure  response 
may  prove  to  be  quite  unexpected,  particularly  if  the  gas 
exsolution  process  occurs  more  quickly  than  the  consolidation 
process . 

One  must  recognize  that  in  those  problems  where  gas 
exsolution  and  consolidation  are  acting  as  opposing 
processes,  there  is  a  limitation  in  the  choice  of  a  model  of 
soil  behaviour.  In  weighing  the  relative  contributions  of 
each  process,  the  theory  must  consider  an  increase  in  o', 
(and  decrease  in  volume),  in  one  case  and  a  decrease  in  o', 
(and  increase  in  volume),  in  the  other,  so  that  the  only 
method  whereby  the  two  can  be  combined  is  by  using  an  elastic 
stress-strain  model.  The  model  need  not  be  linear,  but  for 
simplicity  the  linear  case  will  be  considered  here.  As  will 
be  seen,  the  governing  differential  equation  for  the  combined 
consolidation/gas  exsolution  theory  is  non-linear,  and  must 
be  solved  by  numerical  techniques,  so  that  the  use  of  a 


iRecall  that  in  talking  of  a  gassy  soil  both  of  these  terms 
are  necessary.  One  does  not  imply  the  other. 
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non-linear  stress-strain  relationship  should  not  prove  to  be 
an  additional  burden. 

7 , 2  A  GENERAL  THEORY 

In  his  excellent  text  "Principles  of  Soil  Mechanics", 
R.  F.  Scott  (1963)  presented  a  very  thorough  development  of 
the  theory  of  consolidation,  outlining  clearly  the 
assumptions  and  simplifications  that  are  made  in  arriving  at 
the  classical  one-dimensional  consolidation  equation: 

c  *  q2u/Dx2  =  Du/Dt  (7.1) 

Scott  considered  the  effect  of  a  Boyle's  law  expansion  or 
contraction  cf  gas,  and  of  an  immediate  exsolution  of  gas,  on 
the  compressibility  of  the  pore  fluid.  He  found  that  the 
former  introduced  a  non-linearity  into  the  consolidation 
equation.  In  developing  the  theory  further,  these  two 
effects  were  lumped  together  into  one  linear  term,  and  given 
relatively  little  attention. 

Scott's  (1963)  development  will  be  followed  here, 
except  that  the  full,  transient  process  of  gas  exsolution 
will  be  introduced  into  the  theory,  and  the  differential 
equation  will  be  left  in  its  non-linear  form. 
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Continuity  considerations 

Consider  a  rectangular  element  of  soil  with  sides  of 
length  dx,  dy  and  dz.  The  continuity  equation  for  this  soil 
element  states  that  the  rate  of  change  of  water  storage  in 
the  element,  (i.e.  of  the  weight  of  water  in  the  element,  W) , 
is  equal  to  the  net  flux  of  water  flowing  into  or  out  of  the 
element : 

dW/dt  =  [D/Dx (yw*vx) +D/Dy (yw*Vy) +D/Dz (yw*vz) ] dxdydz  (7.2a) 
Substituting  Darcy^s  law  relating  velocity  to  total  head, 

Vx  =  ~Kx  *  Dh/Dx  (etc.)  (7.3) 

into  (7.2a),  one  obtains: 


Dw/Dt  =  [D/Dx(yw*Kx*Dh/Dx)  +  D/Dy (y W*K  *Dh/Dy )  + 

D/Dz ( y  *K  *Dh/Dz ) ] dxdydz  (7.2b) 

If  the  free  gas  in  the  pore  space  is  assumed  to  be  occluded 
and  immobile,  so  that  it  does  not  form  a  part  of  the  flowing 
fluid,  and  if  the  soil  mass  is  homogeneous  with  respect  to 
then: 

DW/Dt  =  y  *  [K  *D2h/Dx2  +  K  *D2h/Dy2  + 

K  *D2b/Dz2]  dx  dy  dz 
z 


(7.2c) 
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If  the  body  is  isotropic  with  respect  to  K,  then 

DW/Dt  =  yw*K* (D2h/Dx2  +  D2h/Dy2  +  D2h/Dz2)  dx  dy  dz  (7. 2d) 

The  equation  will  be  developed  for  the  case  of  a  shaft  or 
borehole  (z-axis  vertical)  with  a  hydrostatic  vertical 
distribution  of  pressure,  so  that  Dh/Dz  =  0,  and,  using 

cylindrical  coordinates,2 


DW/Dt  =  y  *K* (D2h/Dr2  +  1/r  *■  Dh/Dr)drd0dz  (7.2e) 

Substituting  for  h  =  h0  +  u/yw,  Dh/Du=Dh/DP=l/y w, 

DW/Dt  =  K* (D2P/Dr2  +  1/r  *  DP/Dr)  dr  d9  dz  (7.2f) 


Rate  of  change  of  water  storage 

Consider  now  how  the  weight  of  water  in  an  elemental 
volume  of  soil  may  vary  in  time: 


DW/Dt  =  Ws*Dw/Dt  =  W3  *  D/Dt (S*e*Yw/Ys) 

=  Vs  *  D/Dt ( S*e* Yw)  (7.4a) 

(assuming  the  soil  grains  are  incompressible) 


o 

This  equation,  which  implies  only  radial  flow,  is  only  an 
approximation  for  a  shaft  or  borehole  in  a  gassy  soil.  This 
will  be  discussed  further  in  Chapter  8. 


The  partial  differentials  of  void  ratio,  density  of 
water,  and  saturation  with  respect  to  time  may  be  determined 
by  considering  the  compressibilities  of  the  soil  skeleton, 
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the  liquid  phase  and  the  gaseous  phase  respectively.  These 
terms  are  developed  below. 

Void  ratio 

Using  a  linear  elastic  constitutive  relationship  for 
the  soil. 


De/Dt  =  -av  *  Ba'/Dt 


(7.5a) 


and  for  the  case  where  =  0 


De/Dt  =  av  *  Du/Dt  =  av  *  Dp./Dt 


(7.5b) 


Pore  liquid 
From  equation  2.8, 


8t_  =  -1/V1  *  dVx/dP 


so  that 


(7.6a) 


DYW/Dt  =  Yw0*Bw*DP/Dt 


(7.6b) 
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Pore  gas 

The  term  DS/Dt,  evaluated  at  constant  e  and  y  f  may  be 

w 

derived  from: 

(DS/Dt)  e^w  =  i/vv  *  DVw/Dt  (7.7a) 

For  constant  e  and  y^,  the  only  way  that  the  volume  of 
water  in  the  voids  can  change  is  if  the  free  gas  either 
compresses  or  goes  into  solution.  Thus: 

(DS/Dt)  e  w  =  -l/vv  *  DV  f  g/Dt  (7.7b) 

where  DV^/Dt  is  composed  of  two  terms, 

^Vfg/Dt  =  (^Vfg/Dt) compress .  +  (^Vfg/Dt) eXsol . 

This  is  the  same  relationship  as  given  in  equation  6.3,  but 
in  the  exact  (rather  than  finite  difference)  form: 

DVfg/ot  =  -Vfg/P  *  DP/Dt  +  E*(V2-Vfg)  (6.3b) 

so  that 

(DS/Dt)e,yw  =  (1“S)/P  *  DP/Dt  -  E*  ( V2-Vf  g )  /Vv  (7.7c) 

The  advantage  of  modelling  the  gas  exsolution  process  with 
the  fully  drained  (a,  u,  all  constant,  and  thus  e  = 

constant)  boundary  condition  instead  of  the  undrained 
boundary  condition  is  now  obvious,  as  equation  5.25a  can  be 
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used  directly  in  formulating  the  general  consolidation/gas 
exsolution  theory.  As  has  been  discussed  in  section  6.2.1, 
equation  6.3  is  only  approximate  in  its  finite  difference 
form,  but  becomes  exact  in  the  limit  as  A t  approaches  0. 

Equation  for  rate  of  change  of  water  storage 

Combining  equations  7.5b,  7.6b  and  7.7c,  7.4a  becomes: 

DW/Dt  =  vs* (S*Yw*De/Dt  +  S*e*Dyw/Dt  +  e*Yw*DS/Dt)  (7.4b) 

= * * * *  Vs* (S*Yw*av*DP/Dt  +  S*e*Yw0  *3W*DP/Dt  + 


e*Yw*{ [1-S]/P  *  DP/Dt  -  E*[V2-Vfg]/Vv}) 

Vs*Yw* (DP/Dt* { e*  [ (1-S)/P+S*ew]+S*av}  - 
e*E*[V2-Vfg]/Vv) 


(7.4c) 


(7 . 4d) 


Combined  equation  for  consolidation  and  gas  exsolution 


Recognizing  that: 


Vs  =  Vrp/(l+e)  =  drd0dz/(l+e) 


(7.8) 


equations  7 . 4d  and  7.2f  may  be  combined  to  give: 


K* (D2P/Dr2  +  1/ r *DP/Dr )  =yw/(l+e)  * 


{DP/Dt [e* (  (1-S)/P  +  S*6w)  +  s*av] 
e*E*(V2-Vfg)/Vv) 


(7.9a) 


or 


D/Dr  (r*DP/Dr)  +  r* Yw*e*E/K/ ( 1+e)  *  (V2“Vfg)/Vv  = 
r*Yw/K/(l+e)  *  {e*( (1-S)/P+S*6w)+S*av}  *  DP/Dt  (7.9b) 


284 


This  is  the. general  one-dimensional  consolidation/gas 
exsolution  equation  for  a  shaft  or  borehole  in  a  gassy  soil. 
The  equation  is  non-linear  because  of  the  1/P  multiplier  in 
the  DP/Dt  term  ( RHS )  .  It  is  referred  to  as  being  quasi- 
linear  because  the  differential  terms  P^,  prr  and  p*.  occur 
only  to  the  first  power  and  are  not  multiplied  together.  The 
equation  is  parabolic,  and  in  (7.9b)  has  been  written  in 
self-adjoint  form. 

It  is  clear  that  equation  7.9b  is  considerably  more 
complex  than  (7.1).  Because  of  its  non-linear  nature, 
solutions  for  different  boundary  conditions  are  not  super- 
posable.  In  general,  there  will  be  no  exact  solution  to 
(7.9b),  and  so  a  technique  for  numerical  solution  will  be 
presented  in  the  following  section. 

7.3  NUMERICAL  SOLUTION 

Ames  (1965)  discusses  numerical  methods  for  solving 
partial  differential  equations,  and  in  particular,  presents 
an  implicit  finite  difference  solution  to  a  second-order 
quasi-linear  partial  differential  equation  in  self-adjoint 
form.  For  an  equation  of  the  form: 


D/Dr (f [r , t] *DP/Dr)  +q[r,t,P]  =  s [ r , t , P] *DP/Dt  (7.10a) 
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and  defining  a  finite  difference  mesh  with  h  =  Ar,  k  =  At, 

r  j  =  rg  +  i*h  and  tj  =  j*k,  an  implicit  finite  difference 
equation  is: 

l/h~2  *  {f [r0+(i+i/2)*h, (j+l)*k]*(Pi+lfj+1-Pifj+1)  - 
f  [r0+(i-i/2)*h,  (j+l)*k]*(Pijj+1-Pi_1(j+1)  }  + 
q[rQ+i*h, (j+l)*k,Pif j]  = 

s[rQ+i*h, (j+l)*k,Pi(j]*(Pif j+1-Pif j) /k  (7.10b) 

Since  (7.10b)  contains  P^j+^  only  linearly,  the  algebraic 
problem  is  linear  and  produces  a  tridiagonal  matrix  at  each 
time-step.  Convergence  of  (7.10b)  to  that  of  (7.10a)  has 
been  proven  for  boundary  value  problems,  (Ames,  1965).  The 
error  is  0[h<s2  +  k]  and  no  restrictions  on  k/h^2  occur. 

If  equation  7.9b  is  rewritten  as: 

D/Dr (r*DP/Dr)  +  B*r  =  (F  +  D/?)*r*DP/Dt  (7.9c) 

where : 

B  =  e*E*Yw/K/(l+e)  *  (V2-Vfg)/Vv 
p  =  S*7w/K/(l+e)  *  (e*Sw  +  av) 

D  =  s*Y„/K/(l+e)  *  (1-S) 

then  (7.10b)  becomes: 

'r0/h+i-l/2)*Pi_1(j+1  -  (r0/h+i)*(2+h‘2/k*[F+D/Pi(j])*Pijj+1 
+  (r0/h+i+l/2)*Pi+1(j+1  = 

-h"2* (rQ/h+i) * (F*Pi( j/k  +  B  +  D/k) 


(7 .  lCc) 
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The  matrix  form  of  this 
four-point  finite-difference 
tridiagonai  characteristic. 


equation  is  given  below  for  a 
mesh  to  illustrate  its 


- 

~~  — 

(l  +  k)  cl 

(  h  *P°>  j  +  l 

0 

C3 

0 

V4  +  ^)  C4 
—  — 

(l7  +  f)  *  P5>  j+l 

(  7.IOd ) 


where  A  =  ( 2+h~2/k*  [F+D/P-;  4  ]  ) 
1  -*•  /  J 

C.  =  (p*p.  ./k  +  B  +  D/k) 

i.  x  ,  j 


and  Pg  and  j  +  ^  are  the  pressures  at  the  boundaries  of 

the  finite  difference  mesh. 

Equation  7.10d  can  be  solved  by  standard  matrix 
methods,  such  as  Gaussian  elimination.  However,  the 
tridiagonal  form  of  the  square  matrix  in  (7,10d)  allows  the 
use  of  a  more  efficient  method,  referred  to  as  the  Thomas 
Algorithm.  This  is  summarized  briefly  below. 

The  general  tridiagonal  system  of  n  equations  can  be 
written  in  the  form: 
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bi*ui 

+ 

cl*u2 

dl 

a  .  *  u  •  - 1  + 

l  l-l 

bi*ui 

+ 

ci*ui+l  = 

di 

a  *u  .  + 

n  n-1 

bn*un 

= 

dn 

Using  Gaussian  elimination  this  system  can  be  transformed 
into  upper  bidiagonal  form,  with  a7  =  0,(i=2,n);  and  b^  = 
1 , ( i=l , n) ;  where : 

C1  =  cl/bl  dl  =  dl/bl 

Ci+1  =  ci+l/(bi+l"ai+l*ci) 

di  +  l  =  (di+l-ai+l'Ardi)/(bi+l-ai+l*ci)  ;  i  =  l  r  (n-1) 
cn  -  0 

L.  U. 

The  n  equation  is  now  un=d^,  and  working  backwards  with  a 
substitution : 


ui  =  di  -  c7*ui+1  ;  i= (n-1) , 1 

The  only  restrictions  on  this  method  are  that  b.^o  and  that 

bi  +  l~a1- +i*c7  /  0.  If  either  of  these  are  true,  one  can  solve 
for  and  reduce  the  size  of  the  system  of  equations. 
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7,4  APPLICATION  OF  THE  NUMERICAL  SOLUTION 

The  application  of  equation  7.10c  to  determine  an 
approximate  solution  to  a  gas  exsolution/consolidation 
problem  requires  the  input  of  a  set  of  initial  conditions  (at 
t=0)  on  the  j=0  row  of  the  finite  difference  mesh,  as  well  as 
a  knowledge  of  the  pressure  (or  flow)  boundary  conditions 
with  time.  In  equation  7.10d  these  are  specified  as  the 

pressures  PQfj+i  and  P5  .  In  general,  the  initial 
pressures  will  be  determined  either  from: 

(a)  insitu  conditions 

(b)  insitu  conditions,  modified  by  a  change  in  boundary 
total  stress. 

In  case  (a)  the  consolidation/gas  exsolution  process  is 
initiated  by  a  change  in  boundary  fluid  pressure.  Case  (b) 
is  usually  also  accompanied  by  a  change  in  boundary  fluid 
pressure,  but  the  consolidation/gas  exsolution  process  is 
initiated  by  a  change  in  insitu  fluid  pressures,  which  are 
responding  to  a  change  in  boundary  total  stress.  An  example 
with  further  discussion  of  case  (b)  is  given  in  Chapter  3. 
Case  (a)  is  discussed  further  in  section  7.4.1. 

It  is  the  intent  of  this  section  to  point  out  several 
practical  considerations  in  the  use  of  (7.10c).  It  should  be 
recognized  that  the  input  parameters  V  and  V?n,  (and  hence 
^2'  Vv,  e  and  S) ,  vary  with  fluid  pressure,  and  thus  also  in 
space  and  with  time.  Their  use  as  constants  over  a  time 


interval  At  is  only  an  approximation.  Therefore  it  is 
necessary  to  adjust  their  values  from  the  beginning  of  one 
time  step  to  the  next.  This  is  accomplished  as  follows: 
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(a)  A  set  of  initial  conditions  is  established  on  the 
j=0  row  using  either  the  input  values  of  and  Vfg ,  or 
those  values  modified  by  an  undrained  and  immediate 
response  to  a  boundary  total  stress  change.  The  values 

°£  Vs,  E,  K ,  yw,  and  av  are  kept  constant  during  the 
analysis.  Values  of  vv,  e  and  S  may  vary  spacially 

along  the  j=0  row. 

(b)  The  pressures  along  the  j=l  row,  (at  t=0+At) ,  P.  , 

I  r  — 

are  calculated  using  (7.10c). 

( c )  ej_ri  ate  calculated  from: 


e . 


i,l  ~  av*(pi,l  pi,0'  +  ei,0 


(7.5b) 


and  (Vv>i,l  =  V8*(eifl) 


(d)  From  equation  7 . 4d  : 


&vw  =  AP*{vfg/P+Vw*(6w+av/e) }-E*At*(V2-Vfg) 
(Vw>i,l  =  <vw>i,0  +  AVW 
(Vfg>i,l  =  <vv>i,l  -  <Vi,l 
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(e)  Having  adjusted  the  values  of  e,  S ,  Vf  and  Vv  as 
input  for  the  next  set  of  calculations  using  (7,10c), 
there  remains  only  an  adjustment  for  V  ^  in  the  term 
”3",  (equation  7.9c).  V«  is  a  measurement  of  the 
current  amount  of  free  gas  that  would  exist  in  the 
sample  if  equilibrium  conditions  prevailed,  and  thus, 
indirectly,  indicates  the  total  volume  of  gas,  both 
free  and  dissolved,  in  the  sample.  Since  over  a  time 
interval  At,  the  pressure  in  the  sample  is  changing,  so 

is  VTg.  However,  water  is  also  draining  out  of  the 
sample  and  removing  some  dissolved  gas.  The  assumption 

is  made  that  for  At,  the  volume  of  water  AV7  contains 
an  amount  of  dissolved  gas  AV^g/  where: 


Av 


=  H  * 


dg  ~  £ 


AV, 


w 


(7.12) 


and  H  =  (V^g/vw)  at  the  beginning  of  the  time  interval. 
H  7*  H  because  the  pore  fluid  is  not  at  equilibrium, 
(e.g.  for  a  supersaturated  pore  fluid  H  >  H) . 

The  total  volume  of  gas  in  the  sample  at  the  end  of 
the  time  interval  At  will  then  be: 


(VTg>i,l  =  pi,0/pi,l  *  <[VTg]i,0  +  5  *  Avw>  <7'13> 
so  that: 

(V2>i,l  “  <vTg>i,l  -  H*<Vw>i,l 


(7.14) 
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Using 

first  equations  7.5b 

and  7.11  to  7.14, 

the 

values  of  e. 

S'  Vfg ' 

Vv  and  V2 

can  be  adjusted  at 

the 

beginning  of 

the  time 

interval  on 

the  j  =  l  row,  and 

then 

equation  7.10c 

applied 

to  calculate 

the  pressures  0  at 

the 

end  of  the  time  interval.  This  process  is  repeated  for  each 
time  step  j . 


One  other  modification  is  necessary  during  the 

analysis  to  account  for  gas  venting  upon  decreasing  pore 

fluid  pressure  and  increasing  saturation.  This  is 

accomplished  by  monitoring  the  saturation  at  each  finite 

difference  grid  point  i,  for  each  time  step  j.  When  S.  .  < 

1  f  D 

0.85  (or  some  threshold  value)  then  the  terms  "B"  and  ”D"  in 
equation  7.10c  are  set  equal  to  zero,  (at  that  grid  point), 
which  essentially  reduces  (7.10c)  to  a  form  equivalent  to 
(7.1),  and  renders  the  problem  one  of  liquid  drainage  only  in 
this  zone,  with  no  gas  expansion  or  exsolution. 

The  analysis  described  above  has  been  coded  for  ' 
computer,  and  a  listing  of  this  program  is  found  in  Appendix 
H. 

7.4.1  Consolidation/gas  exsolution  around  a  borehole 

The  use  of  the  consolidation/gas  exsolution  model  will 
be  demonstrated  by  analyzing  the  problem  of  change  in  pore 
pressure  with  time  around  a  borehole  (or  shaft)  in  a  gassy 
soil.  The  boundary  conditions  are  somewhat  artificially 
imposed,  for  the  sake  of  simplicity.  It  will  be  assumed  that 
a  vertical  shaft  or  borehole  has  been  constructed  such  that 
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the  surrounding  stresses  are  kept  within  the  elastic  range 
and  thus  no  volumetric  strains  have  occurred.  Furthermore, 
it  is  assumed  that  the  shaft  has  been  built  sufficiently 
quickly  that  no  drainage  or  gas  exsolution  occurs  during 
construction . 

Then  at  the  beginning  of  the  consolidation/gas 
exsolution  problem,  there  exists  a  vertical  borehole 
surrounded  by  a  medium  containing  a  pore  fluid  at  some  insitu 

pore  pressure  u^  The  borehole  is  filled  with  the  same  fluid 
to  a  particular  depth,  so  that  at  any  point  on  the  borehole 

wall  there  is  a  pressure  u^  <  it  is  assumed  that  for  a 

point  sufficiently  below  the  free  groundwater  surface,  Dh/Dz 

=  0  both  in  the  soil  and  in  the  borehole,  resulting  in  a 

purely  radial  flow,  and  that  also  Dh/D  --=  0,  (Figure  7.1). 

Insitu  conditions  are  listed  in  Table  7.1.  The  finite 

difference  mesh  employed  is  illustrated  in  Figure  7.2. 

The  convergence  of  the  finite  difference  solution 

(7.10c)  to  the  proper  solution  for  P.  .  mav  be  checked 

1 '  j 

against  an  exact  solution  for  the  case  of  Sq=i,  e=H=0 .  In 
this  case  B=D=0  and  (7.9c)  reduces  to: 

DP/Dt  =  K*  (1+e)  A  /(e^6  +a,r)  *  (D2P/Dr2  +  l/r*DP/Dr)  (7.9d) 

W'  W  V 

Since  Sw<<av,  (7.9d)  may  be  recognized  as  (7.1)  in 
cylindrical  coordinates.  Solutions  to  this  equation  for  the 
case  of  a  hollow  cylinder  (a<r<b)  with  the  boundary 


conditions : 


Ground  Surface 
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Figure  7.1 


Idealized  problem  for  Consolidation/gas  exsolution 
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TABLE  7.1 

INS ITU  CONDITIONS  FOR  FINITE  DIFFERENCE 
ANALYSIS  OF  CONSOLIDATION/GAS  EXSOLUTION  PROBLEM 


Radius  of  Borehole 

0.1  meters 

Radius  of  Influence  of  Consolidation/ 

Gas  Exsolution 

2.0  meters 

Number  of  Points  in  F.D.  Mesh 

191 

Time  of  Analysis 

50,000  seconds 

Time  Step 

100  seconds 

6 

w 

4.5E-7  KPa"1 

E 

young 

240,000  KPa 

]i 

K 

0.3 

10E-10  m/sec . 

e . 

X 

0.47 

S  . 

1 

0.86,0.90,0.95,1.0 

"h* 

^gas 

0,  2E-5  sec.  ^ 

H 

0,0.86 

aHl=0H2 

2000  KPa 

U. 

X 

900  KPa 

J tunnel 

1500  KPa 

uw 

800  KPa 

Vg 

900  KPa 

Radius  (meters) 
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Figure  7.2 


inite  difference  mesh  for  consolidation/gas  exsolution 


u  =  U  u  =  900 

boundary  boundary 
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P(r,t) 

-  pi 

• 

r 

r=a , 

t>0  . 

P(r,t) 

= 

A 

• 

/ 

II 

cr 

t>0  . 

P(r ,0) 

II 

*V 

to 

• 

f 

1  A 

r  <  b . 

may  be  found 

,  by 

analogy 

with  heat 

flow,  from  Carslaw  & 

Jaeger  (1959) , 

,  for 

the 

case 

of  steady 

state  flow,  as: 

p  =  l?1*ln(b/r)  +  ?2*ln(r/a) }/ln(b/a)  (7.15) 
(t  =  infinte) 

The  finite  difference  solution  to  (7.9d)  is  then 
compared  to  (7.15)  for  the  problem  outlined  in  Table  7.1,  and 
also  for  the  case  of  a=100ol  m  and  b=102 . 0  m,  in  Figure  7.3. 
There  is  an  excellent  agreement  for  both  of  these  solutions. 
It  may  be  noted  that  when  (b-a)  is  small  and  both  b  and  a 
large,  the  problem  approximates  one  dimensional  flow  between 
two  parallel  planes.  It  is  expected  that  the  pressure 
distribution  would  be  linear  between  a  and  b,  which  is 
supported  by  both  the  finite  difference  and  exact  solutions. 

Parametric  studies 

Figures  7.4  to  7.14  illustrate  the  transient  and 
steady-state  pressure  response  around  a  borehole  for  eleven 
different  analyses.  The  analyses  investigate  the  influence 
of  varying  the  values  of  initial  saturation,  gas  exsolution 
constant  E,  and  Henry's  constant  H,  as  outlined  in  Table  7.2. 


Pore  pr  essure  (Kpa)  Pore  pressure  (Kpa) 


297 


O 


DRAINED  RNRLYSIS.  RUN  #13 


o 


CRPtINED  RNflLYSIS,  RUN  #14 


Figure  7.3  -  Theoretical  &  F.D.  solutions  to  consolidation  problem 
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TABLE  7.2 

ANALYSIS  OF  CONSOLIDATION /GAS 
EXSOLUTION  AROUND  A  30REH0LE 


FIGURE 

NO. 

ANALYSIS 

NO. 

S  . 
i 

H 

,  E-i( 
(sec.  ) 

COMMENTS 

7.4 

1 

1 

0 

0 

7.5 

2 

.95 

0 

0 

7.6 

3 

.90 

0 

0 

7.7 

4 

1 

.86 

2E-5 

7.8 

5 

.95 

.86 

2E-5 

7.9 

6 

.90 

.86 

2E-5 

7.10 

7 

T_ 

.02 

2E-5 

7.11 

8 

1 

.02 

2E-4 

T 

max 

=  50,000  sec. 

7.12 

9 

1 

.02 

2E-4 

T 

max 

=  150,000  sec. 

7.13 

10 

1 

.86 

2E-4 

T 

max 

=  150,000  sec. 

7.14 

11 

.855 

.86 

2E-4 

T 

=  150,000  sec 

max 


Pore  pressure  (Kpa)  Pore  pressure  (Kpa) 
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a 


DRAINED  ANALYSIS.  RUN  81 


3 


DRAINED  ANALYSIS,  RUN  82 


Figures  7.4  and  7.5 


Por  e  pressure  (Kpu)  Pore  pressure  0<pa) 
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C3 


DRAINED  ANALYSIS.  RUN  #3 


O 


DRAINED  ANALYSIS,  RUN  34 


Figures  7.6  and  7.7 


Pore  pressure  (Kpa)  Pure  pressure  (Kpa) 
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a 


DRAINED  ANALYSIS.  RUN  #5 


a 


DRAINED  ANALYSIS,  RUN  #6 


Figures  7.8  and  7.9 


Pore  pressure  (Kpa)  Pore  pressure  (Kpa) 
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O 


DRAINED  ANALYSIS,  RUN  27 


3 


DRAINED  ANALYSIS.  RUN  28 


Figures  7.10  and  7.11 


Pore  pressure  (Kpa)  Pore  pressure  (Kpa) 
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O 


DRAINED  ANALYSIS,  RUN  #9 


o 


DRAINED  ANALYSIS.  RUN  #10 


Figures  7.12  and  7.13 


Pure  pressure  (Kpa) 
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O 


DRAINED  ANALYSIS,  RUN  #11 


Figure  7.14 
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All  of  the  analyses  (except  Nos.  9-11)  were  terminated  at 
50,000  seconds  (13.9  hours)  and  a  family  of  10  curves  was 
plotted  indicating  the  transient  response  at  times  of  5000, 
10000,  15000  etc.  seconds. 

The  "steady-state"  pressure  profile  may  be  determined 
by  a  progressively  closer  spacing  of  curves  plotted  for  equal 
time  intervals.  For  the  case  of  E=H=0 ,  (Figures  7.4-6),  this 
closer  spacing  of  curves  indicates  that  a  true  steady-state 
pressure  profile  is  being  established.  For  E^H^O ,  (Figures 
7.7-14),  a  grouping  of  transient  curves  may  only  represent  an 
intermediate,  quasi-steady  pressure  profile,  which  develops 
because  consolidation  and  gas  exsolution  processes  are 
temporarily  of  equal  (and  opposite)  strength.  With  time, 
these  pressures  again  change  towards  their  true  steady-state 
values  because  the  amount  of  gas  in  solution  in  the  pore 
fluid  has  been  depleted.  For  example,  in  Figure  7.11,  where 
a  slightly  soluble  gas  (H=0.02)  of  relatively  high 
diffusivity  (E  =  2*10“4  sec-1-)  is  exsolving,  a  steady-state 
pressure  profile  appears  to  be  forming  after  50,000  seconds. 
If  this  analysis  is  continued  until  150,000  seconds,  however, 
(Figure  7.12)  it  is  evident  that  there  continues  to  be  a  drop 
in  the  pressure  profile  as  the  exsolution  process  weakens  and 
the  consolidation  process  becomes  more  dominant.  It  has 
taken  this  soil  150,000  seconds  to  establish  the  same 
steady-state  pressure  profile  that  was  reached  after  40,000 
seconds  in  Analysis  #1,  (H=E=0,  Figure  7.4). 
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The  parametric  study  shown  in  Figures  7.4  to  7.12 
indicates  the  following  general  behaviour: 

(a)  For  E=H=0 ,  a  decrease  in  3..  causes  an  increase  in 
both  the  steady-state  pressure  profile,  and  the 
transient  profile  at  any  time  t,  (Fig.  7.4  -  7.6). 

(b)  For  the  same  initial  saturation,  an  increase  in  H, 
(E=constant) ,  or  in  E,  (H=constant) ,  causes  an  increase 
in  the  transient  pressure  profile  at  any  time  t,  (e.g. 
compare  Fig.  7.4,  7.10,  and  7.7,  or  7.10  and  7.11). 

(c)  For  E^H^O ,  but  constant  between  analyses,  a 

decrease  in  causes  an  increase  in  the  transient 

pressure  profile  at  shorter  times,  but  appears  to  have 

a  negligible  effect  on  the  quasi-steady  profile. 

It  should  be  recognized  that  in  these  analyses,  the 
pore  fluid  is  initially  at  equilibrium  with  respect  to  the 
gas  exsolution  process,  and  it  is  the  initiation  of 
consolidation  by  a  reduction  of  the  boundary  fluid  pressure 
that  causes  a  solubility  disequilibrium.  Hence  the 

quasi-steady  pressure  profile  is  always  lower  than  the  insitu 
pressure.  The  condition  of  an  initial  disequilibrium  in  both 
the  consolidation  and  gas  exsolution  processes  will  be 
treated  in  Chapter  3.  In  this  case,  depending  upon  which 
process  dominates,  the  pressure  at  any  particular  radius  may 
increase  or  decrease,  and  the  quasi-steady  profile  (if  such 
exists)  may  be  higher  or  lower  than  the  initial  pressure 
profile . 
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7.5  SUMMARY 

This  chapter  has  presented  the  derivation  of  a 
general,  combined  theory  of  consolidation  and  gas  exsolution. 
The  theory  incorporates  a  linear  constitutive  law  for  the 
soil  skeleton,  a  linear  liquid  compressibility,  and  a  gas 
compressibility  that  is  caused  by  both  a  free  gas  compression 
and  a  time-dependent  gas  exsolution.  It  has  been  cast  in  a 
one-dimensional  form,  and  the  resulting  differential  equation 
is  quasi-linear  and  parabolic. 

An  implicit  finite  difference  formulation  has  been 
given  for  the  governing  differential  equation,  and  has  been 
applied  to  the  case  of  determining  the  transient  pressure 
profiles  around  a  borehole  in  a  gassy  soil.  Parametric 
studies  have  allowed  the  effect  of  varying  initial 
saturation,  Henry's  constant,  and  gas  exsolution  constant,  E, 


to  be  evaluated. 


•:.i  •* 


CHAPTER  3  -  FLUID  RESPONSE  AROUND  A 
BOREHOLE  OR  SHAFT  IN  A  GASSY  SOIL 


8,1  INTRODUCTION 

Having  developed  a  general,  one-dimensional  theory  of 
consolidation/gas  exsolution  (Chapter  7)  ,  it  is  desirable  to 
investigate  further  practical  applications  of  gassy  soil 
behaviour.  The  response  of  the  soil  around  a  borehole  or 
shaft  has  been  chosen,  because  of  the  relative  simplicity  of 
the  boundary  conditions,  and  the  applicability  of  the 
analysis  to  a  number  of  problems.  For  example,  the 
construction  of  a  borehole  or  shaft  will  usually  be 
accompanied  by  the  establishment  of  transient  pore  pressures. 
The  volume  of  fluid  flowing  into  the  shaft  is  often 
calculated  on  the  basis  of  the  steady  state  pressure  profile, 
and  yet  for  a  gassy  soil,  the  initial  flow  may  be  much 
higher.  Depending  upon  the  amount  of  gas  in  solution,  the 
rate  of  exsolution,  and  the  consolidation  character  is tics  of 
the  soil,  higher  fluid  pressures  and  higher  fluid  flows  may 
be  maintained  for  some  time  after  construction.  Other  flow- 
related  considerations,  such  as  the  response  of  a  borehole 
during  a  drill  stem  test,  or  the  buildup  of  fluid  pressure 
against  an  impermeable  shaft  lining  with  time,  can  also  be 
modelled  using  the  general  theory.  The  problem  of  shaft  wall 
stability,  including  the  determination  of  wall  closure  (or 
ground  reaction  curves)  and  standup  time  may  be  investigated 
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using  this  theory,  although  as  will  be  discussed  later  in  the 
chapter,  there  are  some  practical  limitations  in  the 
application  of  the  theory  at  present. 

The  general  insitu  and  boundary  conditions  shown  in 
Table  7.1  and  Figures  7.1-2,  as  they  describe  a  borehole  in  a 
gassy  soil,  will  be  considered  in  this  chapter.  The 
behaviour  predicted  by  the  model  is  equally  applicable  to  a 
shaft,  except  for  the  difference  in  scale,  (both  in  space  and 
time)  .  Implications  with  respect  to  soil  behaviour  around  a 
tunnel  may  also  be  made,  but  it  must  be  realized  that  the 
fluid  flow  is  in  this  case  at  least  two-dimensional.  It  will 
be  assumed  that  the  construction  of  the  borehole  or  shaft  is 
very  quick  in  relation  to  both  the  gas  exsolution  and 
consolidation  processes,  so  that  the  soil  behaviour  can  be 
modelled  in  two  steps: 

(a)  an  immediate  and  undrained  response,  which  is  due 
to  a  total  stress  change  at  the  wall  of  the  shaft  or 
borehole,  and  which  results  in  both  pore  pressure  and 
effective  stress  changes  in  the  surrounding  soil. 

(b)  a  transient  response,  which  is  due  both  to  a  change 
in  boundary  fluid  pressure  and  to  the  change  in  fluid 
pressure  discussed  in  (a) . 

This  analysis  thus  differs  from  the  one  presented 
previously,  in  that  at  time  t=Q ,  the  pore  fluid  may  be  in  a 
disequilibrium  state  with  respect  to  dissolved  gas. 
Depending  upon  which  transient  process  dominates,  the  pore 
fluid  pressure  at  a  point  in  the  soil  away  from  the  borehole 
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wall  may  initially  increase  or  decrease.  Eventually  a 
steady-state  pressure  profile  must  be  established,  but  this 
will  only  occur  after  the  gas  exsolution  process  has  ended. 
Intermediate  fluid  pressures  may  be  much  higher  than 
expected,  and  may  prevail  for  extended  periods  of  time. 

Consideration  of  the  soil  behaviour  will  then  be 
treated,  in  this  chapter,  in  three  parts.  The  first  part 
deals  with  the  immediate  and  undrained  response  of  the  soil 
due  to  the  construction  of  a  shaft  or  borehole.  A  further 
development  of  theory  is  necessary,  as  in  general  the 
stresses  around  the  shaft  or  borehole  will  be  high  enough  to 
induce  failure.  Stress  changes  and  volume  changes  in  the 
failed  zone  will  thus  be  derived,  and  related  to  the  change 
in  pore  fluid  pressure.  For  the  purposes  of  the  undrained 
analysis,  the  soil  will  be  treated  as  elas tic-per f ectly 
plastic,  with  a  non-associated  flow  rule  and  a  Mohr-Coulomb 
(c'=Q)  failure  criterion.  The  second  part  of  the  chapter 
will  deal  with  the  transient  response  of  the  soil,  and  will 
apply  the  theory  developed  in  Chapter  7.  Finally,  the 
stability  of  the  borehole  wall  will  be  discussed.  Ground 
reaction  curves  will  be  derived  for  the  immediate  and  the 
long-term,  undrained  cases,  and  will  be  examined  for  the 


transient  case. 


3.2  IMMEDIATE  AND  UNDRAINED  RESPONSE 
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The  undrained  behaviour  of  a  gassy  soil  with  an 
elastic  constitutive  relationship  has  been  treated  previously 
(Chapter  2) .  These  ideas  will  here  be  extended  to  the  case 
of  an  elastic  -  perfectly  plastic  soil,  specifically  for  the 
boundary  conditions  of  a  shaft  or  tunnel  behaving  in  a  plane 
strain  manner.  The  condition  of  plane  strain  rather  than 
Plane  stress  has  been  chosen  for  the  vertical  shaft  because 


-i  4- 


is  felt  that  this  boundary  condition  is  more 


representative  of  behaviour  at  depth  in  a  real  soil,  and 
because  the  stress-strain  formulation  is  equally  applicable 
to  a  shaft,  or  to  a  deeply  buried  tunnel. 

It  is  the  intent  in  this  section  to  develop  a 
theoretical  model  which  will  allow  the  prediction  of  the 
undrained  {either  short  or  long  term)  pore  pressure  profile 
around  a  shaft,  given  the  change  in  total  stress  at  the  shaft 
wall.  It  will  be  necessary  to  develop  expressions  for 

stress,  strain  and  wall  displacement.  The  derivations  are 
given  in  sections  8.2.1  and  8.2.2.  Section  3.2.3  will 
indicate  how  these  are  combined  to  predict  the  pore  pressure 
response . 

The  derivation  of  the  appropriate  stress-strain 
relationships  follows  that  of  Guenot  (1979)  with  two 
important  exceptions: 

(a)  The  insitu  state  of  stress  is  considered  to  be 
isotropic,  i.e.  o J  =  =  a 3  =  a  £  =  av  =  aco* 
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(b)  The  failure  criterion  is  for  a  cohesionless  soil, 
(c'  =  0)  , 


e  .g  .  T  =  a  n  *  tan  ^  " 

or  f  =  o'  -  in  *  o'  =  0 

0  r 

m  =  (l+sintj)^  )  /  (l-sincj)' ) 
(see  footnote'1) 


(8.1) 


8.2.1  Stresses 

8. 2. 1.1  Stresses  in  the  elastic  zone 


The  stresses  around  a  hole  in  an  infinite  elastic 


medium,  with  a 

1  " 

o  9  =  a 

&  CO 

and 

a  stress  c 

r  T ' 

(footnote  )  r  on 

the  inside  of 

the 

hole,  may  be 

found  in 

any 

standard  text. 

(e.g.  Jaeger  & 

Cook 

,  1979) 

as : 

e 

0^=0 

£  co 

-  RA 

2/r~2  * 

(  a 

'  CO 

rp  ) 

Q 

CD  0) 

II 

Q 

8 

+  R" 

2/r  ~  2  * 

( a  - 

oc 

U  !p  ) 

(3.2) 

■^Throughout  this  chapter  it  will  be  assumed  that  all  stresses 
are  effective,  unless  otherwise  denoted  by  a  super scr ipt  "t", 
and  hence  the  prime  notation  will  be  dropped.  In  general, 
subscripts  following  a  symbol  will  refer  to  direction,  (e.g. 
of  stress  or  strain) ,  and  superscripts  will  refer  to  whether 
the  variable  being  described  is  "elastic”  or  "plastic",  or 
"effective"  or  "total".  In  unusual  circumstances,  double 
subscripting  is  necessary  -  e.g.  (a£)  y.  =  T  refers  to  a  radial 
plastic  (effective)  stress  measured  at  r=I. 

2 

The  subscript  "T"  refers  to  stresses  acting  on  the  tunnel 
wall,  in  this  case  an  effective  stress. 
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where 

r  =  distance  from  centerline  of  shaft 
R  =  radius  of  hole 

3. 2. 1.2  Stresses  in  the  Plastic  Zone 

For  an  elastic~per f ectly  plastic  medium,  (3.2)  will 
apply  as  long  as  f  =  -  m *ar  <0.  If  f  =  0,  then  a  plastic 

zone  will  begin  to  develop,  first  at  the  borehole  wall,  and 

then  growing  in  size  as  oT  is  decreased.  Within  the  plastic 
zone  (8.1)  will  apply. 

The  stresses  within  the  plastic  zone  may  be  derived  by 
combining  the  yield  relationship  (8.1)  with  the  equilibrium 
equation : 

Dar/Dr  +  l/r*DT0r/D0  +  (cr  -  aQ)/r  =  0 
to  obtain: 

af  =  aT  *  (R/rr(l-m) 
c^  =  m  *  c|  =  m  *  aT  *  (R/r )  ~  ( 1-m) 

3. 2. 1.3  Radius  of  the  Plastic  Zone 
The  radius  of  the  plastic  zone  I  is  found  by 

recognizing  that  at  r=I,  a?  =  a?*  of  =  m  *  off  and  also  that 
oa+o  =  2*o  .  Then: 

9  .  r  co 


(3.3) 


(3.4) 


I  =  R  *  (2*ao/[aT*{m+l}])"(l/[m-l]) 


(8.5) 
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The  stresses  in  the  elastic  region  around  the  plastic 
zone  are  given  by  (8.2),  using  R=I,  and  °T=(o^)  r_r: 

°f  =  a  *( l-I~2/r~2  *  [m-1] / [m+1] ) 

r  00 

a9  =  a„*<i+I'2/r~2  *  [m-l]/[m+l])  (8.6) 

8. 2. 1.4  Stress  in  the  z-direction 

The  stress  in  the  z-direction  may  be  obtained  by 

considering  the  plane  strain  condition  that  e  =  constant,  or 

z 

that  Asz  =  o.  Then  in  the  elastic  zone: 


A  oz  =  v*(Aar  +Aa8)  (8.7a) 

and  since 

Adv  =  ~AaQ 
0 

Ac7  =  0,  hence  cZ  -  o  (3.7b) 

and  CJr  <  az  <  C0 

To  develop  the  expression  for  aP,  it  is  necessary  to  consider 
the  strains  in  the  plastic  zone,  eP.  A  non-associated  flow 
rule  is  used  of  the  form: 


dE:ij  =  D9/Daij  *  dX 
from  which 


g  =  a8-a*ar 
1  <  a  <  in 


+  a*d£P  =0,  d£P  =  0 

jl  y  z 


(8.8) 


(3.9a) 


' 
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If  the  unloading  stress  path  is  monotonic  (no  stress 
reversals)  ,  and  is  located  along  the  failure  envelope,  then: 

sP  +  a*sfi  =  0,  £P  =  0  (8.9b) 

For  a  change  in  stress  A aT,  the  total  strains: 

Ae®  +  As?  =  0 

z  z 

but  since  AsP  =  0,  Ase  =  0,  and  hence  the  changes  in  stress 

z  z 

in  the  plastic  zone  are  still  related  through: 

Aaf  =  *  (A  Qg  +  Aa^)  =  v*(m+l)*Ao^  (8.7c) 

The  largest  stress  changes  will  always  be  experienced  at  the 
tunnel  wall,  (i.e.  a  point  on  the  tunnel  wall  will  be  further 
along  the  stress  path  than  any  point  with  r  >  R)  .  Thus  for 
r  =  R, 


aP  =  v  * (m+1) *Cm  +  (l-2*v ) *  o 

i. 

and  hence  to  maintain: 


(8.10) 


a T  £  [v*  (m+1)  *aT  +  (l-2*v)*aco]  £  m*aT 


(8.11) 
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The  left-hand 
0  £  v  £  0.5. 
restriction  on 


inequality  is 
The  right-hand 
aT  that: 


satisfied  for  any  m 
inequality,  however. 


£  1  and 

places  a 


qT  £  ( l-2*v )  *c.o/  [m-A; *  (m+1)  ] 


(8.12) 


At  the  onset  of  failure,  (i.e.  at  r  =  R  =  I)  ,  the  radial 
stress  is: 


(cr)  r  =  I  =  2  *  Coo  /  (1+m) 


For  c T  =(ar)r=I,  equation  8.12  is  always  satisfied.  If  oT 
drops  below  the  limiting  value  given  in  (8.12),  then  c 

2 

becomes  the  major  principal  stress.  For  the  purposes  of  this 
thesis,  (8.12)  will  be  observed.  The  development  of  separate 

plastic  zones  with  Giz  ^  is  discussed  further  in  Florence  & 
Schwer  (1978) , 


8.2.2  Strains 

The  elastic  strains  in  the  plastic  zone  may  be 
calculated  from:-^ 


=  (l+v)/E*cT* (R/r) ^ (1-m) * (1-v* [m+1] )-v*sz  (8,13) 
£p  =  ( 1+v) /E*aT* (R/r ) 's ( 1-m) * (m-v* [m+1] ) -v*e z 


3 

In  this  section  only,  the  normal  solid  mechanics  formulation 
for  constitutive  relationships  will  be  adopted.  However,  the 
sign  convention  of  compressive  stress  positive  will  be 
maintained,  which  infers  that  compressive  strain  will  also  be 
positive . 
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The  plastic  strains  in  the  plastic  zone  are 
combining  (8.9b)  with  the  compatibility  equation 
strains : 

r*d£0/dr  +  £0  "  er  =  0 

then : 

r*d£P/dr  +  £P* { 1+a )  =  -(r*d£®/dr  +  £e  -  e®) 

d  d  d  y  r 

=  C2*(R/r)~ (l-m) 

where : 

c2  =  -(m-1)  Mm+1)  *(l-v)  *(l+v)  *cT/E 

The  differential  equation  8.15b  can  be  solved  for 
the  boundary  condition  that  =  0  at  r  =  I  to  give: 

Eg  =  C2/(m+oi)  *  (r/Rpfm-l)  *  {l-  [I/r]  "  (m+a)  } 
and  recognizing  that  I  is  also  a  function  of 

K1*(K2*ct'{ fa+lj/[l-m] }  -  0T) 

(m-1)  *  (m+1)  *  ( 1-v  )  /  (m+a  )  *  (l+v)/E  * 

(r/R)  "  (m-1) 

(R/r )  A  (m+a)  *  ( 2*  Ooo/  [m+1]  )  A  {  (m+a )  /  (m-1)  } 


found  by 
or  total 

(8.14) 

( 3 . 15b) 


P,  using 

d 

(8.16a) 


(8.15b) 
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8. 2. 2,1  Strains  &  displacements  due  to  unloading 

■  •  ■  — —  -  - —  - —  -  — -  —  -  ...  

The  calculation  of  e  ^  and  £g  in  the  elastic  and 
plastic  zones  around  the  borehole  or  shaft  are  of  interest 
insofar  as  they  allow  a  calculation  of  the  displacement  at 
the  borehole  wall  due  to  unloading,  UDi  Now,  consider  a 
strainAs^,  which  is  that  amount  of  strain  due  to  unloading 
only.  The  initial  stress  condition  was  given  previously  as 

aHl  =  aH2  =  crv=  a°°'  an d  hence  the  initial  strains  in  all 
directions  are: 


„i 

tr 


Jco  *  ( 1-2* v)  /  E 


Therefore , 


=  K1*(K2*aTA{ [a+l]/[l-m] }-aT)  + 

(1+v) /E*aT* (R/r) " (1-m) * [m-v* (m+1) ]  - 

(1+v)  *(l-2*v)*c0C/E  (8.21a) 


Recognizing  from  the  definition  of  tangential  strain  that: 


e  =  1/r  *  (U  +  DV/D0 ) 

U 

and  since  DV/D9  =  0, 


eQ=  (J/r,  or  U  =  r  *  £0 


due  to  unloading, 
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The  displacement  at  the  tunnel  wall,  U 

R r 

may  then  be  expressed  as: 


UR  -  R  *  <A£e>r=R 

=  R  *  (l+v)/E  *  {  (m-l)*(m+l)*(l-v)/(m+a)* 

[  (2*o„/(ra+l)  )  ~(  (m+a)/(m-l)  )  *aT~  (  (a+1)  /  ( 1-m) )  -aT] 
+aT* (m-v* (m+1) ]- (l-2*v) *a„}  (8.21b) 


8. 2. 2. 2  Volumetric  strains 

The  calculation  of  sr  and  £0  also  allows  the 
computation  of  the  volumetric  strain  e  which  may  be  used  in 
the  determination  of  the  fluid  pressure  response  around  the 
borehole . 


Since  As 

z 


0, 


As  v  =  Aer  +  As  0  (8.17a) 

But  in  the  elastic  zone,  Asr  =  -As0f  so  that: 

As  v  =  0  (8.17b) 

In  computing  strains,  then,  and  particularly  in  computing 
volumetric  strain,  it  is  useful  to  redefine  As  as  that  amount 
of  strain  which  has  occurred  since  the  onset  of  failure  at 
the  borehole  or  shaft  wall.  Then, 
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and 


(E?) 


0  at  onset  of  failure 


(sf) 


r  at  onset  of  failure 


(8.13a) 


AsQ  =  (l+v)/E*{aT*(R/r) " (1-m) * (m-v* [m+1] ) }  + 
Kl*fK2*aT/S(  - 

(l+v)/E*{a„0*  (l-2*v+R~2/r"2)  -R*2/r "2*  ( 2*oJ  [m+1]  )  } 


Aer  =  (l+u)/E*{aT* (R/r) A (1-m) * (1-v* [m+1] ) }  - 
a*Kl*{K2*aT" (  [a+l]/[l-m] -aT}  - 

(l+v)/E*{aco*(l-2*v-R"2/r"2)+R/'2/r^2*  (2*aTO/[m+l]  )  } 


Aev  =  (l+v)/E*(l-2*v)*{  (m+l)*aT*(r/R)/v(m-l)-2*a0o}  + 

(l-a) *K1*{k2*gta ( [a+1] / [ 1-m] ) -aT}  (8.18b) 

The  first  term  in  the  expression  for  Aev  is  the  elastic 
portion  and  the  second  term  is  the  plastic  portion.  Thus  it 
is  clear  that  for  v=0.5,  Ae^  =  0,  and  for  a  =  lf  Ae^  =  0 ,  which 
is  to  be  expected.  For  v  ?  0.5,  a  ?  1 f  and  using  the  limit 
that 

CT  —  2*aco/(m+l)  (8.19) 


for  a  plastic  zone  to  exist,  it  can  be  shown  that: 


(a)  for  Orp  =  2*<Joo/(m+l)  and  r=R, 
or  for  r  =  I ,  (ar  =  2*aoo/ [m+1]  )  , 

Aev  =  0,  and 
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(b)  for  gt  <  2*aoo/(m+l)  and  r  <  I , 

Aev  <  0 

(which  is  expansive,  using  the  solid 
mechanics  sign  convention) . 

8.2.3  Undrained,  immediate  pressure  response 

In  Chapter  2,  a  derivation  of  the  undrained  pressure 
response  of  a  gassy  soil  was  presented  using  an  elastic 
constitutive  relationship,  (equations  2.10,  2.3b,  2.14c  and 

2.15c).  Equation  2.15c  can  be  modified  for  an  elastic 
per fectly-plastic  soil  by  maintaining  the  expression  for  AV'T 
in  the  form  (now  using  the  convention  that  AV_  positive  is  an 
increase  in  volume) : 

AVt  =  -vT  *  ev 

and  using  (8.18b)  for  volumetric  strains,  so  that  the 
solution  for  Au  (2.15b)  becomes: 

A  *  Au~2  +  3  *  Au  +  C  =  0  (8.20) 

A  =  n  *  S  *  3 

B  =  n  *  (61*S*P0  +  1  -  S  +  S*H)  -  £v 


C 


-po  * 


v 
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The  immediate  undrained  pore  pressure  response  is  calculated 
with  H=0.  If  H^O,  however,  (8.20)  may  also  be  used  to 
predict  the  equilibrium  (long  term)  response  in  an  elastic- 
perfectly  plastic  medium.  Unfortunately,  the  transient 
analysis  described  in  the  following  section  will  not  converge 
on  this  equilibrium  response  because  the  elas tic-perf ectly 
plastic  constitutive  relationship  cannot  be  incorporated  into 
the  consolidation/gas  exsolution  model,  (see  section  7.1). 

8.3  ANALYSIS  OF  THE  TRANSIENT  FLUID  PRESSURE  PROFILE 

Eight  analyses  were  performed  on  a  borehole  of  0.1m 
diameter,  using  the  input  variables  listed  in  Tables  3.1  and 

3.2. 

Undrained  response 

The  borehole  is  first  unloaded  in  the  immediate  and 
undrained  mode  by  decreasing  the  total  stress  at  the  borehole 
wall,  and  applying  equations  8.18b  and  8.20  to  calculate  the 
pore  fluid  response.  It  is  clear  from  (8.4),  (8.5),  and 
(8.18b)  that  once  the  effective  stress  at  the  tunnel  wall, 

a,p,  is  known,  the  radius  of  the  plastic  zone  I,  the  stress 
distribution  a^(r)  and  a?(r),  and  ultimately  the  volumetric 

strain  £ev(r)  are  all  known.  But  since  (Aev)r_R  determines 
the  pore  fluid  response  at  R,  and  hence  indirectly  gTr  the 

solution  for  a  ^  is  iterative.  A  flow  chart  illustrating  the 
iteration  technique  for  As  is  given  in  Figure  8.1. 
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TABLE  8.1 

INPUT  PARAMETERS  COMMON  TO  ALI 
BOREHOLE  ANALYSES 


aco  =  1100  KPa 
Ui  =  900  KPa 

No.  of  F.D.  Points  =  191 


Minimum 

radius 

= 

0 . 1  meters 

Maximum 

radius 

= 

0.48  meters 

Maximum 

time 

= 

10,000  sec.  ( 

Time  Step 

= 

20  sec. 

3w 

= 

_i 

4.5  E-7  KPa  " 

E 

young 

= 

240,000  KPa 

\i 

= 

0.3 

= 

37 

K 

= 

10E-10  m/sec. 

e . 

X 

- 

0.47 

E 

= 

2.0E-5  sec. 

gas 


TABLE  3.2  -  INPUT  PARAMETERS  FOR  BOREHOLE  ANALYSES  #1 
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Figure  8.1  -  Flow  Chart  for 
iterative  solution  on 
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Transient  response 

Once  the  undrained  pressure  profile  is  obtained,  the 
fluid  pressure  at  the  tunnel  wall  is  modified  to  its  long 
term  value  and  then  the  transient  analysis  is  started.  It  is 
generally  assumed  that  uT  is  slightly  less  than  a£,  i.e.  that 
a  small  aT  is  necessary  to  prevent  tunnel  collapse. 

As  has  been  discussed  previously,  (Chapter  7)  ,  the 
consolidation/gas  exsolution  theory  of  necessity  assumes  a 
linear  elastic  constitutive  relationship  for  the  soil.  The 
transient  analysis  cannot  (at  present)  incorporate  the 
perfectly  plastic  soil  behaviour.  For  those  areas  around  the 
tunnel  where  consolidation  predominates,  this  is  a  good 
model,  since  the  pore  pressure  is  decreasing  and  the 
effective  stresses  increasing  (isotropically) .  The  stress 
path  moves  away  from  the  failure  envelope  and  the 

elastic-per f ec tly  plastic  model  predicts  elastic  behaviour, 
(Figure  3.2).  The  opposing  contributions  of  the  gas 
exsolution  and  consolidation  processes  are  properly  accounted 
for,  since  the  volume  increase  due  to  gas  exsolution,  Av^ 
is  independent  of  constitutive  law,  and  the  volume  decrease 
due  to  decreasing  fluid  pressure  is  modelled  correctly  with 
the  elastic  relationships. 

For  those  areas  where  gas  exsolution  predominates, 
however,  the  contribution  of  the  soil  skeleton  cannot  be 
properly  predicted  (using  the  present  transient  model) . 
Increasing  pore  pressures  and  thus  decreasing  effective 
stresses  require  the  stress  path  to  move  along  the  failure 


TANGENTIAL  STRESS  (KPa) 
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RADIAL  STRESS  (KPa) 


Figure  8,2  -  Stress  path  for  point  on  borehole  wall  during  ’unloading 
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envelope,  whereas  the  elastic  model  causes  the  stress  path  to 
move  parallel  to  the  cr^=c  2~°  3  ax^s  and  thus  beyond  the 
failure  envelope.  The  model  is  limited  in  this  manner  at 
present.  Incidentally,  a  correct  model  for  the  soil 
behaviour  would  also  have  to  account  for  some  stress 
redistribution.  The  stress  path  must  lie  along  the  failure 
envelope,  with  Aqq  =  m*Ao ^ r  and  yet  the  driving  mechanism  is 
an  increase  in  u  which  implies  Aoa  -  AC 

The  stress  paths  followed  during  the  immediate  and 
transient  responses  are  illustrated  in  Figure  8.2. 

Parametric  Analyses 

Plots  of  pore  fluid  pressure  vs  distance  from  the 
borehole  centerline,  (for  t=0,  20,  1000,  2000,  3000 10000 
seconds),  for  the  analyses  described  in  Table  8.2  are  located 
in  Figures  8.3-8.10.  These  are  arranged  to  illustrate  the 
influence  of  decreasing  initial  saturation  (Figures  8. 3-. 5), 
decreasing  total  stress  in  the  borehole  (Figures  3.3, 
8. 6-. 7),  decreasing  H  (Figures  3. 7-. 8),  decreasinq  P-,  . 

j-/g 

(Figures  8.7  and  8.9),  and  increasing  a  (Figures  3.7  and 
3.10).  A  perusal  of  these  figures  proves  to  be  very 
profitable  and  indicates  some  interesting  results: 

(a)  It  is  possible  for  the  undrained  unloading  phase  to 
reduce  pore  pressures  near  the  borehole  wall  to  values 
below  the  actual  fluid  pressure  inside  the  borehole. 
This  area  then  experiences  an  increase  in  pressure  due 
to  both  gas  exsolution  and  swelling.  The  processes  are 


Pore  pressure  (Kpa)  Pore  pressure  (Kpa) 
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O 


BOREHOLE  RNfiLYSIS,  RUN  #*1 


o 


BOREHOLE  RNRLYSIS,  RUN  #2 


Figures  8 . 3  and  8 . 4 


Pore  pressure  (Kpa)  Pore  pressure  (Kpa) 
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O 


BOREHOLE  ANALYSIS,  RUN  #3 


BOREHOLE  ANALYSIS,  RUN  HA 


Figures  8.5  and  8.6 


Pore  pressure  (Kpa)  Pore  pressure  (Kpa) 
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O 


BOREHOLE  fiNRLYSIS,  RUN  #5 


O 


BOREHOLE  fiNPLYSIS.  RUN  #6 


Figures  8.7  and  8.8 


Pore  pr  essure  (Kpa)  Pore  pressure  (Kpu) 
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a 


BOREHOLE  PNflLYSIS,  RUN  #7 


O 


BOREHOLE  fiNRLYSIS,  RUN  *8 


Figures  8.9  and  8.10 
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here  working  in  tandem  rather  than  opposing  each  other, 
(e.g.  Figures  3.3  and  8.4). 

(b)  The  size  of  the  initial  plastic  zone  may  be 
increased  by: 

(i)  decreasing  S^. 

(ii)  decreasing  the  total  stress  at  the  tunnel 
wall,  a^.  Note  that  even  for  values  of  aT  as 
low  as  25  KPa,  the  size  of  the  plastic  zone 
is  still  relatively  small,  (I/R  =  2.57). 

(iii)  decreasing  a. 

(c)  With  an  increase  in  size  of  the  plastic  zone,  it  is 
possible  for  the  pore  pressures  near  the  borehole  wall 
to  decrease  so  substantially,  that  for  a  short  period 
of  time  gas  exsolution  predominates.  This  behaviour  is 
seen  in  Figure  8.7,  where,  between  0.1  and  0.25  m,  the 
pore  pressures  increase  for  the  first  3-4000  seconds, 
and  then  decrease,  whereas  for  r  >  0.25  m  the  pressures 
are  continually  decreasing.  The  extent  and  duration  of 
this  behaviour  is  also  determined  by  the  relative 
magnitudes  of  the  gas  exsolution  and  consolidation 
parameters . 

(d)  A  decrease  in  H  is  seen  to  have  a  similar  effect  to 
a  decrease  in  E  (compare  Figures  8.8  &  3.7),  i.e.  that 
the  consolidation  process  is  more  dominant. 

(e)  A  decrease  in  P (Figure  8.9)  is  accompanied  by 
the  formation  of  a  zone  where  P  >  P f  (r>0.2m).  In 
this  zone,  only  the  consolidation  process  is  operative, 


334 


and  consequently  the  fluid  pressures  are  rapidly 
depleted.  Where  P  <  (r<0.2m)  the  gas  exsolution 
process  is  also  operative  and  the  pore  pressures  are 
initially  increased  and  then  maintained  at  a  relatively 
high  level,  (compare  Figure  8.9  with  8.7). 

(f)  For  analyses  Nos.  3-3,  (Figures  8.5  -  .10), 
continued  gas  exsolution  led  to  fluid  saturations  less 
than  0.85  near  the  borehole.  This  value  had  been 
chosen  as  the  threshold  at  which  the  gas  phase  becomes 
continuous,  and  after  which  the  gas  exsolution  process 
is  disabled.  The  size  of  the  ’'continuous  gas”  zone  for 
the  various  analyses  is  shown  in  the  last  column  of 
Table  8.2.  A  close  examination  of  Figures  8.4  and  8.5 
will  disclose  a  wider  spacing  of  the  pressure  profiles 
at  0.1  <  r  <  0.2  in  Figure  8.5  after  t  2000  seconds. 
This  is  due  to  the  fact  that  the  gas  phase  has  become 
continuous,  and  thus  free  draining.  The  gas  exsolution 
process  was  disabled  in  the  analysis,  and  the  pressures 
near  the  borehole  wall  decreased  more  rapidly. 


8.4  IMPLICATIONS  OF  THE  TRANSIENT  ANALYSES 

The  inclusion  of  gas  exsolution  in  the  analysis  of  the 
transient  behaviour  of  soils  has  resulted  in  several 
important  changes  in  the  expected  pressure  performance. 
Where  the  two  transient  processes  oppose  each  other,  pore 
fluid  pressures  may: 
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(a)  decrease  much  more  slowly  than  would  be  predicted 
from  a  normal  consolidation  analysis,  and  maintain  near 
insitu  values  for  prolonged  periods. 

(b)  cause  a  temporary  increase  in  pore  pressures  due  to 
a  large  solubility  disequilibrium  in  the  pore  fluid  or 
a  high  gas  exsolution  parameter  S.  For  the  case  of  a 
borehole,  shaft,  or  tunnel,  this  means  that  an 
intermediate  pressure  distribution  may  prove  to  be  the 
worst  from  a  stability  point  of  view.  A  consideration 
of  the  immediate  undrained,  and  the  steady-state 
responses  only  is  insufficient  for  stability 
evaluation . 

This  line  of  reasoning  is  just  as  applicable  to  other 
problems  involving  the  unloading  of  a  soil  mass,  such  as  the 
excavation  of  an  area  for  a  foundation  to  a  structure,  or  the 
cutting  of  a  slope.  Depending  upon  the  relative 
contributions  of  consolidation  and  gas  exsolution,  an 
intermediate  pressure  profile  may  be  the  more  critical  design 
parameter . 


8.5  GROUND  REACTION  CURVES  &  STAND-UP  TIMES 

A  ground  reaction  curve  is  a  graphical  method  of 
illustrating  the  response  of  a  tunnel  wall  to  changes  in  its 
internal,  or  support,  pressure.  More  precisely,  it  is  a  plot 
(or  determination)  of  the  functional  relationship  between  the 
support  pressure  and  the  wall  displacement,  U_,.  The  ground 
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reaction  curve  has  also  been  referred  to  as  the  "tunnel 
closure"  curve,  and  the  "convergence"  curve.  Ground  reaction 
curves  are  useful  in  the  design  of  shafts  or  tunnels,  in 
determining  the  wall  stability  and  standup  time.  Combined 
with  the  support  reaction  curve  (or  "confinement"  curve)  for 
the  tunnel  lining  or  support  system,  and  with  information  on 
construction  method  and  sequence,  support  pressures  may  be 
determined.  The  application  of  this  design  method  to  tunnels 
in  oilsand  is  discussed  by  Smith  &  Byrne  (1930) . 

Smith  &  Byrne  distinguish  between  short  and  long  term 
convergence  curves,  stating  that  these  "will  be  a  function  of 
many  factors  which  will  change  with  time  and  which  must  be 
evaluated  for  particular  situations... 

(a)  Time  dependent  strains  (creep) . 

(b)  Changes  in  pore  fluid  pressure. 

(c)  Changes  in  ground  temperature." 

The  concepts  involved  in  ground  and  support  reaction  curves 
are  illustrated  in  Figure  8.11,  which  is  extracted  from  Smith 
St  Byrne^s  (1980)  paper. 

This  section  will  focus  mainly  on  the  second  factor,  a 
change  in  pore  fluid  pressure,  and  will  not  deal  with  either 
item  (a)  or  item  (c) .  A  distinction  must  also  be  made,  when 
using  the  term  "support"  pressure,  between  an  effective 
stress  or  a  total  stress  applied  at  the  tunnel  wall.  This  is 
discussed  further  below  with  the  consideration  of  boundary 
drainage  conditions. 


SUPPORT  PRESSURE 
(  %  OF  INITIAL  IN-  SITU  PRESSURE  ) 
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TUNNEL  CONVERGENCE 

(%  OF  TUNNEL  RADIUS) 


Figure  8.11  -  Ground  and  support  reaction  curves 
(after  Smiuh  &  Byrne,  1980) 
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3,5.1  Drained,  or  undrained? 

Byrne  et.al.  (1980)  discuss  the  development  of  a  two 
dimensional  finite  element  program  (OILSTRESS) ,  which 
incorporates  a  non-linear  constitutive  law,  a  non-linear 
failure  criterion,  and  shear  dilatancy  to  model  the  behaviour 
of  oilsand.  Their  analysis  also  includes  the  effects  of 
dissolved  gas,  but  in  a  limited  manner,  in  that  the 
exsolution  process  is  considered  to  be  instantaneous.  The 
consideration  of  fluid  drainage  is  also  simplified  to  the 
totally  drained  or  totally  undrained  boundary  condition. 

If  the  totally  drained  boundary  condition  is  used, 
then  the  presence  of  gas  in  the  pore  fluids  is  superfluous  to 
the  determination  of  the  stress  distribution  around  the 
tunnel,  (although  it  will  have  a  marked  effect  on  the  volumes 
of  gas  and  liquid  draining  into  the  tunnel  or  shaft)  .  The 
support  pressure  will  be  an  effective  stress  acting  on  the 
tunnel  wall.  In  addition,  if  the  unloading  sequence  is 
monotonic,  and  the  strength  of  the  material  is  not  time 
dependent,  then  there  will  exist  only  one  ground  reaction 
curve.  For  the  elas tic-per f ectly  plastic  model  of  soil 
behaviour  used  herein,  this  curve  is  defined  by  equation 
3.21b,  and  illustrated  in  Figure  8.12. 

The  totally  undrained  boundary  condition  can 
realistically  still  be  subdivided  further  into  immediate  and 
long  term  responses,  corresponding  to  no  gas  exsolution  and 
complete  gas  exsolution.  This  is  a  distinction  not  made  by 
Byrne  et.al.  (1980).  By  considering  the  exsolution  process 
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Figure  8.12  ~  Ground  reaction  curve  for 
totally  drained  borehole 
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to  be  instantaneous,  they  have  effectively  compressed  the  two 
subdivisions  into  one. 

The  derivation  of  the  theoretical  relationships  for 
the  undrained  behaviour  was  presented  previously  (Section  8.2 
for  a  linear  elastic-per f ectly  plastic  soil,  with  a  linear 
failure  envelope).  Equation  8.20,  used  in  conjunction  with 
equation  8.18b,  allows  a  calculation  of  the  undrained 
pressure  profile.  The  immediate  case  is  obtained  using 
H  =  0,  and  the  long  term  case  with  H  f  0. 

The  undrained,  long  term  response  is  one  that  assumes 
no  drainage  not  only  at  the  shaft  boundary,  but  also 
throughout  the  soil  mass  surrounding  the  shaft.  Practically 
speaking,  this  situation  is  attainable  if  the  gas  exsolution 
process  is  several  orders  of  magnitude  quicker  than  the 
consolidation  process. 

For  the  completely  undrained  boundary  condition,  the 
support  pressure  is  a  total  stress.  Table  8.3  and  Figure 
3.13  illustrate  the  ground  reaction  curves  of  a  shaft  in  a 
gassy  soil  for  the  immediate  undrained,  and  long  term 
undrained  cases. 

At  the  end  of  the  undrained,  long  term  example,  all  of 
the  gas  has  exsolved  from  the  pore  fluid,  but  no  movement  of 
fluid  has  occurred  anywhere  in  the  soil  profile.  In  both 
cases,  the  pore  pressure  profile  on  a  radial  line  away  from 
the  tunnel  is  a  non-equilibrium  profile,  and  given  sufficient 
time,  these  pore  pressures  must  equalize,  even  if  the  shaft 
wall  is  maintained  as  a  no  flow  boundary  condition. 
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TABLE  8 . 3 

UNBRAINED  GROUND  REACTION  CURVES  FOR  A  BOREHOLE 


IN  A 

GASSY  SOIL  (R  = 

0.1  m. 

a  =  2000 

CO 

KPa,  u. 

=  900  KPa) 

TOTAL 
SUPPORT 
PRESS . 
(KPa) 

U (r=R) 
(KPa) 

EFFEC . 
SUPP. 
PRESS . 
(KPa) 

WALL 

DISP. 

(CM) 

U  (r=R) 
(KPa) 

EFFEC . 
SUPP  . 
PRESS . 
(KPa) 

WALL 

DISP  . 

(CM) 

1 
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1200 

789 
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333 

.0459 
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gure  8.13 


Ground  reaction  curve  for  undrained  borehole 
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It  is  apparent  from  Table  8.3  that  the  ground  reaction 
curves  for  the  undrained  analyses  are  derived  from  the 
drained  ground  reaction  curve,  and  thus  the  curves  shown  in 
Figure  8.13  are  coincidental  with  the  curve  in  Figure  8.12 
when  plotted  with  an  "effective"  support  pressure. 

Because  of  the  model  of  soil  behaviour  adopted, 
(c'~0),  both  the  fully  drained  (Figure  8.12)  and  undrained 
(Figure  8.13)  ground  reaction  curves  indicate  an  unstable 
wall  at  zero  support  pressure. 

8.5.2  Time-dependent  ground  reaction  curves 

The  time-dependent  nature  of  the  ground  reaction 
curves  can  only  be  properly  modelled  when  one  recognizes  both 
the  drainage  of  fluid  and  the  exsoluticn  of  gas  as  transient 
processes.  The  difficulty  inherent  in  such  a  model  may  be 
appreciated  by  considering  the  possible  categories  of  pore 
pressure  response  with  time: 

(a)  If  the  consolidation  process  is  more  dominant  than 
the  gas  exsolution  process,  then  it  is  likely  that  for 
most  of  the  profile  the  pore  pressures  will  decrease. 
This  type  of  behaviour  is  illustrated  in  Figure  8.8. 4 
If  the  pore  pressures  are  decreasing,  then  the 
effective  stresses  are  increasing,  isotropically,  and 
the  stress  path  for  any  element  of  soil  is  moving  away 


4 

Notice,  however,  that  there 
borehole  wall  where  pore 
increasing.  The  size  of  this 
values  of  either  H  or  S. 


is  still  a  small  zone  near  the 
pressures  are  temporarily 
zone  will  be  decreased  by  lower 
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from  the  failure  envelope,  (Figure  8.2,  "consolidation 
stress  path").  The  borehole  wall  will  then  experience 
a  small  elastic  outward  movement  and  the  stability  of 
the  wall  will  increase. 

(b)  If  the  gas  exsolution  process  predominates,  then 
the  opposite  is  true.  Pore  pressures  near  the  tunnel 
wall  increase  drastically,  possibly  for  one  to  several 
tunnel  radii,  which  forces  a  decrease  of  effective 
stress  and  a  loss  of  wall  stability,  (Figure  8.2,  "gas 
exsolution  stress  path"). 


The  difficulty  arises  in  calculating  just  what  the 
volume  changes  and  shaft  wall  displacements  would  be.  Such  a 
calculation  is  beyond  the  capabilities  of  the  present  model, 
because  the  consolidation/gas  exsolution  theory  only 
incorporates  a  linear  constitutive  relationship  for  the  soil. 
The  problems  associated  with  the  use  of  a  more  realistic 
stress-strain  law  have  been  discussed  previously. 
Predictions  of  transient  ground  reaction  curves  must  await 
the  development  of  a  more  internally  consistent 


consolidation/gas  exsolution  theory. 


8.6  SUMMARY 


This  chapter  has  investigated  the  application  of  the 
general,  one-dimensional  consolidation/gas  exsolution  theory 
to  the  problem  of  a  borehole  or  shaft  in  a  gassy  soil.  It 
has  been  possible  to  formulate  the  undrained  {immediate  or 
long  term)  fluid  pressure  response  for  an  elas tic-perf ect ly 
plastic  soil,  and  to  determine  the  wall  stability  in  the 
undrained  case.  An  approximate  method  of  establishing  the 
transient  fluid  pressure  profiles  has  also  been  presented, 
but  it  has  not  been  possible  to  extend  the  theory  to  an 
assessment  of  the  transient  ground  reaction  curves  in  more 
than  a  qualitative  manner. 


CHAPTER  9 


SUMMARY  &  CONCLUSIONS 


9 , 1  GENERAL 

It  is  the  intent  of  this  chapter  to  summarize  the 
highlights  of  this  research  work,  and  point  out  those  areas 
where  further  investigation  seems  warranted.  This  discussion 
is  meant  to  focus  on  those  aspects  of  the  work  that  have  made 
a  unique  contribution  to  our  understanding  of  the  behaviour 
of  gassy  soils. 


9.2  RESTATEMENT  OF  OBJECTIVES 

It  has  been  the  purpose  of  this  thesis  to  examine  and 
discuss  the  mechanics  of  gassy  soils.  Gassy  soil  behaviour 
has  been  divided,  for  convenience,  into  two  groups, 
equilibrium  and  non-equilibrium.  Both  groups  of  behaviour 
have  been  examined  in  the  laboratory  and  been  given 
theoretical  consideration,  and  the  resulting  hypotheses  have 
been  applied  to  field  problems. 


9.3  HIGHLIGHTS  OF  THE  RESEARCH 

(a)  Based  upon  the  observed  equilibrium  behaviour 
of  unsaturated  soils,  a  distinction  is  made  between  the 
’’classical'1  unsaturated  soil,  and  a  gassy  soil.  The  latter 
is  characterized  by  a  low  hydraulic  conductivity  and  a  large 
volume  of  gas  in  the  pore  fluid. 
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(b)  Two  transient  processes  are  identified  which 
contribute  significantly  to  the  behaviour  of  a  gassy  soil. 
One  is  consolidation,  which  is  well  understood  and  has  been 
modelled  in  the  past.  The  other  is  gas  exsolution,  which  is 
defined,  in  a  macroscopic  sense,  as  the  ability  of  gas  to 
move  into  or  out  of  solution  in  the  pore  liquids.  Because  of 
the  magnitude  of  the  effects  associated  with  gas  exsolution, 
the  exsolution  process  becomes  an  additional  identifying 
characteristic  of  gassy  soils. 

(c)  A  theory  combining  Boyle^s  and  Henryks  laws 
exists,  which  has  been  applied  to  unsaturated  soils  to  model 
behaviour.  The  application  of  such  a  model  to  an  element  of 
gassy  soil,  which  is  unloaded  with  an  undrained  boundary 
condition,  yields  an  unusual  prediction  of  behaviour: 

(i)  As  the  total  stress  on  the  element  boundary 
decreases,  the  pore  pressure  decreases  until  it 
reaches  the  liquid/gas  saturation  pressure.  Further 
decreases  in  total  stress  result  in  the  production  of 
gas  in  the  pore  space,  an  increase  in  element  volume 
and  a  nearly  constant  pore  pressure. 

(ii)  The  pore  pressure  remains  at  a  value  near  the 
liquid/gas  saturation  pressure,  and  only  begins  to 
decrease  when  the  effective  stress  in  the  sample 


approaches  zero. 
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(iii)  The  pore  pressure  parameter  B  for  this  same 
stress  range  starts  at  a  value  close  to  1,  decreases 
to  a  value  near  0,  and  then  increases  back  to  1  when 
the  effective  stress  in  the  sample  approaches  0. 

(d)  The  behaviour  predicted  above  for  a  gassy  soil 
was  verified  by  laboratory  tests.  As  a  consequence  of  the 
testing  program,  several  testing  techniques  were  developed: 

(i)  The  use  of  CO?  to  displace  air  in  partly 
saturated  samples,  which  then  saturated  under  a  back 
pressure  very  quickly. 

(ii)  The  use  of  direct  contact  LVDTs  and  a 

specially  developed  lateral  displacement  monitor  to 

—  6 

measure  strains  to  an  accuracy  of  +  1  *  10  . 

(iii)  The  use  of  a  double  latex  membrane  surrounded 
by  glycerin  (as  a  cell  fluid)  to  limit  diffusion  of 
gas  from  the  sample,  but  still  permit  accurate  strain 
readings  and  large  sample  deformations. 

(iv)  The  use  of  bare-wire  seals  to  prevent  leakage 
of  the  cell  fluid  through  the  electrical  fittings  in 
the  cell  base. 

(e)  The  theoretical  predictions  and  experimental 
observations  have  both  demonstrated  the  existence  and 
importance  of  the  liquid/gas  saturation  pressure,  7  . 

(f)  The  laboratory  tests  on  undrained  samples  of 
gassy  soil  all  portrayed  a  typical  transient  pore  pressure 
response.  Upon  a  step  decrease  in  total  stress,  the  pore 
pressure  initially  decreased,  exhibiting  B-values  of  close  to 
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or  somewhat  less  than  1,  depending  on  the  saturation. 
Decreasing  pore  pressure  caused  the  pore  fluid  to  become 
super-saturated  with  gas.  As  the  gas  exsolved,  the  pore 
pressure  increased.  The  rate  of  increase  was  initially  high, 
but  decreased  to  zero  as  the  fluid  pressure  became  asymptotic 
to  some  maximum  value.  For  soils  of  low  compressibility,  the 
maximum  value  of  the  pore  pressure  was  only  slightly  less 
than  the  liquid/gas  saturation  pressure. 

(g)  The  maximum  value  of  pore  pressure  obtained  in 
any  one  phase  of  an  undrained  unloading  test  could  best  be 
determined  by  fitting  a  curve  to  the  experimental  data  which 
had  the  form: 


(u  -  u  .  ) 
v  mm' 


/  (3"  - 


umin^ 


t  /  ( t 


(h) 

response  of 
be  modelled 
above : 


It  was  found  that  the  volume  change  vs  time 
a  gassy  soil  during  a  psuedo-dr ained  test  could 
by  a  relationship  similar  to  the  one  mentioned 


V  =  V1  +  (V2  -Vx)  *  t  /  (t  +  A") 


However,  this  relationship  proved  to  be  cumbersome  to  work 
with  (theoretically) .  A  slightly  less  "accurate"  equation: 


=  v2  -  (V2  -  Vx)  *  exp (-E  *  t) 


V 
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was  preferred,  because  its  differential  with  respect  to  time 
could  be  written  in  a  form  that  did  not  contain  t  explicitly: 

DV/Dt  =  E  *  (V2  -  V) 

These  two  equations  then  formed  the  basis  for  a  macroscopic 
theory  of  gas  exsolution. 

(i)  The  microscopic  processes  of  gas  sorption  and 
bubble  nucleation  were  examined  and  modelled,  and  the 
theoretical  relationships  for  both  bore  a  remarkable 
resemblance  in  form  to  the  two  latter  equations.  Although  it 
was  not  certain  that  these  two  processes  were  the  sole 
contributors,  it  was  thought  that  they  played  a  dominant  role 
in  the  observed  gas  exsolution  behaviour. 

(j)  As  an  offshoot  of  (i) ,  the  concept  of 
interfacial  tension  was  examined  and  found  to  have  a  viable 
application  to  the  problem  of  occluded  gas  bubbles.  This  was 
contrary  to  recently  published  information  in  the 
geotechnical  literature. 

(k)  The  macroscopic  theory  of  gas  exsolution 
derived  for  the  drained  case  was  further  developed  for  the 
undrained  case.  The  resulting  model  was  found  to  predict  the 
observed  transient  pore  pressure  behaviour  extremely  well. 
The  model  allowed  an  assessment  to  be  made  of  the  relative 
importance  of  such  parameters  as  initial  saturation,  Henry's 
constant,  and  the  gas  exsolution  parameter  E. 
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(l)  The  gas  exsolution  parameter  E  was  found  to  be 
dependent  upon  the  initial  gas  saturation,  (1-S).  This  was 
attributed  to  the  effect  of  an  increased  number  of  gas 
bubbles  in  the  soil  element. 

(m)  Using  an  elastic  constitutive  relationship,  the 
consolidation  and  gas  exsolution  processes  were  combined  into 
one  general  theory  of  transient  soil  behaviour.  The 
resulting  differential  equation  was  non-linear,  due  to  the 
presence  of  the  free  gas  compressibility  term.  It  was  solved 
using  an  implicit  finite  difference  scheme. 

(n)  The  problem  of  gassy  soil  behaviour  around  a 
borehole  or  shaft  due  to  a  decreasing  pore  fluid  pressure  at 
the  shaft  wall  was  examined.  In  comparison  to  the 
consolidation  only  solution,  the  pore  pressures  for  the  gassy 
case  were  seen  to  decrease  much  more  slowly.  High  pore 
pressures  were  encouraged  by  low  values  of  the  initial 
saturation,  or  high  value  of  H  or  E. 

(o)  Further  responses  of  a  gassy  soil  around  a 
shaft  due  no  total  stress  unloading  at  the  shaft  wall  were 
examined.  Both  the  immediate  soil  response  and  the  transient 
response  were  modelled.  In  the  former  case,  an  elastic  - 
perfectly  plastic  model  of  soil  behaviour  was  used.  In  the 
latter  case,  the  model  was  restricted  to  an  elastic 
constitutive  relationship,  which  was  sufficient  for  those 
analyses  where  the  consolidation  process  dominated  the  soil 


behaviour . 
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(p)  A  parametric  analysis  of  the  shaft  problem 
indicated  that: 

(i)  It  was  possible  for  pore  pressures  near  the  shaft 
wall  to  increase  in  the  short  term  due  to  a 
predominance  of  the  gas  exsolution  process. 

(ii)  The  size  of  this  zone  was  influenced  by  Henryks 
constant,  the  gas  exsolution  parameter  E,  and  the 
liquid/gas  saturation  pressure 

(iii)  Gas  exsolution  may  lead  to  the  formation  of  a 
zone  of-  continuous  gas  near  the  tunnel  wall.  This 
introduces  two-phase  fluid  flow  into  the  problem, 
which  was  incorporated  in  the  model  in  an  approximate 
manner.  The  permeability  of  the  soil  to  gas  was 
assumed  to  be  much  higher  than  that  for  the  water,  so 
that  gas  pressures  were  relieved  almost 
instantaneously . 

(a)  The  behaviour  of  the  shaft  wall  was  examined  in 
light  of  the  "ground  reaction  curve"  concept.  It  was 
possible  to  develop  ground  reaction  curves  for  both  the  short 
and  long  term  undrained  cases.  The  latter  case  was  the  least 
stable.  Ground  reaction  curves  for  the  transient  case  were 
not  developed  due  to  the  present  limitations  of  the 
consolidation/gas  exsolution  theory. 
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9,4  SUGGESTIONS  FOR  FURTHER  RESEARCH 

(a)  It  was  apparent  to  the  author,  after  some  time, 
that  the  development  of  a  general  model  of  gas  exsolution 
would  have  to  be  based  on  observed  data  and  indirect 
theoretical  inferences.  This  was  due  to  the  "immature" 
development  of  the  theory  for  the  gas  sorption  process,  and 
the  near  total  ignorance  with  regard  to  bubble  nucleation  in 
soils.  It  is  believed  that  a  major  step  in  modelling  gas 
exsolution  in  soils  has  been  taken,  in  that  an  hypothesis 
describing  observed  behaviour  has  been  formulated.  However, 
much  like  the  development  of  the  effective  stress  equation, 
there  is  almost  unlimited  potential  for  research  to  increase 
our  understanding  of  the  fundamental  processes.  It  is 
suggested  that  work  should  be  pursued  in  studying  the  role  of 
bubble  nucleation  in  soils.  This  is  a  vast  topic,  one  that 
could  comfortably  accomodate  the  work  of  several  researchers, 
both  in  the  experimental  and  the  theoretical  arenas. 

(b)  Further  work  could  also  be  directed  to  the  less 


critical  areas  of: 

(i)  improving  the  model  of  gas  sorption  in  soils. 

(ii)  identifying  other  transient  processes 
contributing  to  gas  exsolution  at  the  microcsopic 
level . 

(iii)  developing  a  theory  of  gas  exsolution  from  the 
microscopic  processes,  rather  than  directly  from  the 
observed  behaviour. 
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(c)  The  other  major  area  of  the  thesis  which  needs 
further  development  is  the  question  of  formulating  a 
consolidation  -  gas  exsolution  theory  which  incorporates  a 
more  realistic  model  of  soil  behaviour.  The  elastic 

perfectly  plastic  model  seems  to  contain  some  inherent 
disadvantages,  and  it  may  be  that  a  non-linear  elastic 
constitutive  relationship  could  be  more  effectively  used. 
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APPENDIX  A 


GAS  EXSOLUTION  IN  AN  UNDRAINED  ELEMENT  OF  SOIL 

COMPUTER  PROGRAM 


100:  "B" : USING : INPUT  "POROSITY (%) =" ;N, " SATURATION (%) =" ;S: 
N=N/100  :  S=S/'100 

110:  INPUT  "HENRYS  CONSTANT (CC/CC) =" ,  H , "COMPRESS  INDEX=" ,W 
120:  INPUT  "INITIAL  PP (KPA) =" ,U :E=N/ ( 1-N) :P=U+101 . 33 : L=0 
130:  INPUT  " INIT.TOT. STRESS (KPA) =" ,T, "DEL. TOTAL  STRESS (KPA) 
" , X : X=-ABS (X) 

132:  INPUT  "BUBBLE  PRESS (KPA) =" , I 

135:  Q=0 : Y=4 . 5E-7 

136:  IF  T  >0  GOTO  140 

137:  Z=W:  GOSUB  500:  GOTO  210 

140:  R=T-U 

142:  PRINT  "EFF . STRESS^" , R 
14  3:  IF  R>ABS(X)  GOTO  145 

144:  INPUT  " DEL . TOT . STRESS (KPA) =" , X : X=-ABS (X) 

145 :  Z=W*LOG ( 1+ . 1*X/R) / ( 1+E) / . 1/X 
150:  GOSUB  500 

160 :  0=X-U:D=W*LOG (1+O/R) / ( 1+E) /O :M=ABS (Z/D-l) 

170:  IF  M<  = . 05  GOTO  200 
180:  Z=D:  GOTO  150 
200:  IF  L=1  GOTO  250 
205:  IF  K=0  GOTO  250 

210:  Q=H:L=1:G=U/X: PRINT  "SHORT  DELU=" , U : PRINT  "B=",G 
211:  IF  T  >0  GOTO  145 
212:  GOSUB  500 

250:  L=0 :G=U/X: PRINT  "LONG  DELU=" , U : PRINT  "B=" ,G 

260:  P=?+U : U=P- 10 1 .33: T=T+X 

261:  IF  T  >0  LET  F=E+W*LOG (R/ (R+O) ) 

262:  IF  T<  =  0  LET  F=E- ( 1+E ) *W*0 

270:  S=S/ (1+ (F-E) /E) :  E=F : N=E/ ( 1+E ) :Q=0 

280:  GOTO  136 

500:  A=Z+N*S*Y:B=Z* (P-X) +N* (Y*S*P+1-S+S*Q) :C=-Z*X*P 
501:  IF  1=0  GOTO  510 
502:  IF  L=0  GOTO  510 

5  03 :  C=C+N*P  * (1-S) +N*S*Q* (P- 1 -101. 33) 

510:  J=r(B*B-4*A*C) :U= (-B+J) / (2*A) : V= (-B-J) / (2*A) 

5  20:  IF  V  +=X  GOTO  55  0 
530:  RETURN 

550:  PAUSE  "TWO  SOLUTIONS  FOR  DELU" : U=V : RETURN 
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VARIABLES  USED  IN  PROGRAM 

A  Parameter  A  in  quadratic  solution  for  Au 
B  Parameter  B  "  " 

C  Parameter  C  in  "  " 

D  New  value  of  compressibility  3T 
E  Void  ratio 

F  New  void  ratio 

G  "B"  parameter,  Au/Aa 

H  Henry's  constant 

I  Bubble  pressure.  (If  D=0  ,  assume  equilibrium  at  start) 
L  Counter 

M  Check  value  for  tolerance  for  iterative  solution  on  Au 
N  Porosity 

0  Change  in  effective  stress,  X-U 
P  Pore  pressure  (absolute) 

Q  Current  value  of  H 

R  Effective  stress 

S  Saturation 

T  Total  stress.  Also  indicator  for  W.  If  T>0,  W=C 
If  T=0 ,  W=3m 

X 

U  On  input,  U  is  gauge  pore  pressure. 

Later,  U  is  the  change  in  pore  pressure. 

V  Alternate  solution  for  change  in  pore  pressure 

W  Compression  index  or  compressibility,  depending  on 
value  of  T 

X  Change  in  total  stress 

Y  Compressibility  of  water 

Z  Old  value  of  compressibility 


APPENDIX  B 

PLOTS  FOR  GAS  DIFFUSION 
THROUGH  SAMPLE  MEMBRANE 
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Figure  B.l  -  Diffusion  test  for  Sample  4 
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Figure  B.3  -  Diffusion  test  for  Sample  7  and  8 
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Figure  B . 4 


Diffusion  Test  for  Sample  10G 
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Figure  B . 5 


Diffusion  test  for  Sample  11 
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Figure  B . 6 


Diffusion  test  for  Sample  12 
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Figure  B.7  -  Diffusion  Test  for  Sample  15 
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Figure  B . 8 


Diffusion  test  for  Sample  16 
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Figure  B.9  -  Diffusion  Test  for  Sample  17 
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Figure  B.10  -  Diffusion  test  for  Sample  17 
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Figure  B.ll  -  Diffusion  test  for  Sample  No.  19 
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Figure  B.12  -  Diffusion  test  for  Sample  No.  19f 
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Figure  3.13  -  Diffusion  Test  for  Sample  No.  20 
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Figure  B.14  -  Diffusion  test  for  Sample  No.  20c 
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Figure  C.5 
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Figure  C.7 
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C  PR0GM8  FEB  15,1982.  JOHN  50BK0WIC2 

C  FINITE  DIFFERENCE  PROGRAM  TO  PREDICT  THE  UNDRAINED  RESPONSE 

C  OF  A  GAS-SATURATED  SOIL  DUE  TO  GAS  SORPTION. 

C 

C  DIMENSIONING 

C 

REAL  KBAR.NO 

DIMENSION  TITLE( 10) , E ( 10) , X 1 ( 500) , Y 1 ( 500) 

DIMENSION  TIME (500, 10) , PRESS (500, 10),ATIME(100),APRESS(100) 
INTEGER  NSTEPS ( 10) 

REAL  MAX, MIN 

COMMON  MAX ,MIN, PLOTSZ 

PL0TSZ=5 . 

C 

C  READ  INITIAL  DATA 

C 

READ(5, 16)(TITLE( I) , 1=1 , 10) 

16  FORMAT ( 10A4) 

READ ( 5  ,  101 ) VGO , VWO , VS , H , KBAR . KSTAR 
101  F0RMAT(5F 10 . 2 , I  10) 

1  FORMAT! 10F 10.2) 

VT I =VGO+VWO+VS 
VTI2=VW0+VS 

READ( 5 , 1 ) PO , TSO , DELTS 

PO=PO+ 101 . 3 

R  E AD ( 5 ,  1  )CC,CW 

READ( 5 ,  1  )DELTM , TOL 

READ (5,2) NE , (E(I) , 1=1 , NE ) 

2  FORMA T ( 110,  10F 10. 2) 

READ ( 5 , 46 ) NRGS ,(ATIME(I).APRESS(I).I=1, NRGS ) 

IF(NRGS.LE. 100)GOTO  50 
46  FORMAT! 12/ (T27 . F 7 . 2 . T 58 , F6 . 2  )  ) 

WR I TE ( 6 , 5  1  ) 

51  FORMAT!  '  1 ***ERROR***  ARRAY  DIMENSIONS  ONLY  ALLOW  100  (MAXIMUM)' 
1'  ACTUAL  PRESSURE  READINGS') 

STOP 

50  CALL  MAXMIN(0. , 100. , MAX, MIN, ATIME, NRGS) 

I F ( MAX . GT . 500 . )MAX=500. 

C 

C  CALCULATE  IMMEDIATE  AND  LONG  TERM  RESPONSE 

C 

I F ( KBAR . GE . 1 . )GOTO  91 
K8AR=(VG0+H*VW0) *  PO 
91  VVO=VGO+VWO 

swo=vwo/vvo 

SGO= 1-SWO 
NO=VVO/VTI 
ESO=TSO-PO+ 101 . 3 
VOIDR=VVO/VS 
H  1  =0  . 

CTO =0. 4  34  29448 19 *CC/( 1 + VO  I OR ) /ESO 
8  I F I RST  =0 
I S  EC  =0 
CT  =  CTO 
DELUC=0 . 0 
NTRLS=0 

14  A=CT  +  CW*  NO  *  SWO 

I F (HI . LE . 0 . OOOI )C=- 1 . *PO*CT *DELTS 

IF (HI  . GT .0.0001 )C  =  PO*( - C  T  *  D  E  L  T  S + NO  * ( SG0+H1 *SWO ) ) -KBAR/ VT I 
B  =CT  *  (  PO -DELTS)  +N0*  (  SGO+SWO* (  H1+CW*P0  )  ) 


496 


48 

DELU  1  =  ( -B+SQRT(B*B-4*A*C) )/(2*A) 

49 

DELU2=( -B-SQRK  B*B-4*A*C) )/(2*A) 

49  . 

1 

I F ( H 1  . L E .0.0001 ) GOTO  96 

49  . 

2 

IF(KSTAR.EQ.  1  ) DELTS  =  -DELTS 

50 

96 

SIGN  1 =DELTS*DELU1 

5  1 

S I GN2  =  DELTS  *DELU2 

52 

1  1 

IF( SIGN1 . LE . 0.0. AND . SIGN2 . LE .0.0) GOTO 

53 

I  F  (  S  I GN 1  . L E . 0 . 0 ) GOTO  30 

54 

IF ( SIGN2 . LE . 0. 0)GOTO  5 

55 

95 

DG=A8S(DELTS) +0 . 0 1 

56 

12 

I F ( ABS ( DELU 1 ) . GT . DG . AND . ABS ( DELU2 ) . GT 

56  . 

5 

98 

I F ( ABS ( DELU 1 ) .LE.DG. ANO ,ABS(DELU2) .LE 

57 

I F ( ABS ( DELU2 ) . GT . ABS ( DELTS )) GOTO  5 

58 

30 

DELU=DELU2 

59 

GOTO  6 

60 

5 

DELU=DELU 1 

GO  . 

5 

6 

IF(H1 . LE . 0. 0001 )GOTO  100 

60  . 

7 

I F ( KSTAR . EQ .  1  )DELTS  = -DELTS 

6  1 

100 

IF( ABS(DELU-DELUC)  .LE  ,TOL)GOTO  13 

62 

I F ( NTRLS . GT . 1 00 ) GOTO  66 

63 

ESF=ESO+DELTS-DELU 

64 

IF( IFIRST . EO.  1  ) GOTO  70 

65 

I F ( E  S  F . GT .0.0) GOTO  65 

66 

I F I RST=  1 

67 

NT IMES= 1 

63 

7  1 

ESF  =0 .  1  *  *NT I ME S 

69 

ALL=ESF 

70 

AUL=ESF 

7  1 

GOTO  65 

72 

70 

I F ( ISEC.EO.  1  )  GOTO  72 

73 

I F ( ES F . GT . AUL ) GOTO  73 

74 

NT  I  ME S  =  NT  I  ME  5+ 1 

75 

GOTO  71 

76 

73 

I  SEC= 1 

77 

74 

ESF  = ALL+O .  1**NTIMES 

78 

AUL  =  E  SF 

79 

GOTO  65 

80 

72 

IF(ESF.GT.AUL) GOTO  75 

8  1 

NT IMES=NTIMES-M 

82 

GOTO  74 

83 

75 

ALL  =  AUL 

84 

GOTO  74 

85 

65 

CT  =  CC*AL0G1O( ESF/ESO)/ (  1 +V0 I  DR ) / ( ESF - 

86 

DELUC=DELU 

37 

NTRLS=NTRLS+ 1 

88 

GOTO  14 

89 

66 

I F (HI .GT .0.0001 ) GOTO  69 

90 

WR I TE ( 6 , 67  ) 

91 

GOTO  13 

92 

69 

WRITE (6, 68) 

93 

67 

FORMAT ( '0***WARNING***N0  CONVERGENCE 

94 

1'  UNDRAINED  EQUILIBRIUM  RESPONSE  ) 

95 

68 

FORMAT ( '0***WARNING***N0  CONVERGENCE 

96 

1'  UNDRAINED  EQUILIBRIUM  RESPONSE'') 

97 

13 

IF (HI .GT .0.0001 ) GOTO  7 

98 

DELUST=DELU 

99 

H  1  =H 

100 

CTS=CT 

101 

GOTO  8 

101  . 

,  1 

97 

WR I TE ( 6 , 99 ) 

101.2 

101.3 

102 

103 

104 

105 

106 

107 

108 
109 
1  10 
1  1  1 
1  12 
1  13 
1  14 
1  15 
1  16 
1  17 
1  18 
1  19 
120 
12  1 
122 

123 

124 

125 
125 

127 

128 
1  29 

130 

131 

132 

133 

134 

135 

136 

137 

138 

139 

140 

14  1 

142 

143 

144 

145 

146 

147 

148 

148.1 

148.2 

149 

150 

15  1 

152 

153 

154 

155 

156 

157 


99  FORMAT ( '  1  STOP  AT  STATEMENT  98') 

STOP 

3  WRITE (6, 9) 

STOP 

4  WR I TE ( 6 , 10) 

STOP 

9  FORMAT ( '  1  STOP  AT  STATEMENT  11') 

10  FORMAT (  '  1  STOP  AT  STATEMENT  12') 

7  DELULT=DELU 
C 

C  CALCULATE  END-OF-SHORT  TERM  QUANTITIES 

C 

P 1 =PO+DELUST 
TS 1 =TSO+DELTS 
ES 1 =TS 1 -P 1 + 10 1 . 3 
VG 1 =VGO  *  PO/P 1 
VW1=VW0*( 1 -CW*DELUST ) 

VT 1 = ( VT I )*( 1 -CTS*(DELTS -DELUST ) ) 

C 

C  PRINT  OUT  INFO  ON  SHORT  AND  LONG  TERM  RESPONSE 

C 

WR I TE ( 6 ,  1  5 ) T I TL  E 

15  FORMAT( ' 1 ' , T 10. 10A4//T 10, ' SHORT  AND  LONG  TERM  PRESSURE  RESPONSE' 
1//T29 ,  'INITIAL '  ,  T48  .  'FINAL ' / ) 

WRITE (6, 1 7 ) VGO , VG 1 

17  FORMAT ( '  VOLUME  OF  FREE  GAS 3 ' , T30 , F 1 O . 4 , T50 , F 1 0 . 4 ) 

WRITE (6, 18) VWO , VW 1 

18  FORMAT ( '  VOLUME  OF  WATER3' ,T30,F10.4,T50,F10.4) 

WR I TE  f  6 ,  1  9 ) VS 

19  FORMAT ( '  VOLUME  OF  SOL IDS= ' , T30 . F 10 . 4 ) 

VTN 1 3  VS  +  VG 1 + VW 1 

WR I TE ( 6 , 20) VT I . VTN 1 , VT 1 

20  FORMAT ( '  TOTAL  VOLUME3 ' , T30 , F 10 . 4 , T50 , F 10 . 4/T50 , F 1 0 . 4 ) 

PLT  =  PO+DELULT 

Z 1 =P0- 101 . 3 
Z2=P 1-101 .3 
Z3=PLT- 101 . 3 
WRITE(6, 21 )Z1 ,Z2,Z3 

21  FORMAT ( '  WATER  PRESSURE3' , T30 , F 1 0 . 4 , T50 , F 10.4/T50, F 10. 4) 
WRITE(6,22)TS0,TS1 

22  FORMAT ( '  TOTAL  STRESS3' , T30 , F 10 . 4 , T50 , F 10.4) 

WR I TE ( 6 , 23 ) ESO , E  S  1 

23  FORMAT ( '  EFFECTIVE  STRE SS 3 ' , T30 , F 1 0 . 4 , T50 , F 1 0 . 4 ) 

WR I T  E ( 6 , 52 ) CTS , CT 

WRITE (6,24)H,CC,CW 

24  FORMAT (  '  H=  '  ,  E  1  2 . 5 ,  '  ,  CC3 '  , E  1  2 . 5 ,  '  ,  CW='.E12.5) 

52  FORMAT (  '  COMPR E S S I B I L I T Y = '  , T2 8 , E  1  2 . 5 , T 48 , E  1  2 . 5 ) 

WRITE(6, 25)0ELTM, TOL , ( E ( I )  . I  3 1  , NE ) 

25  FORMAT (  '  DELTM3 '  , E 1 2 . 5 ,  '  ,  TOL 3 '  ,  E  1  2 . 5 .  '  ,  E 3 '  ,  1 0(  1 X  ,  F 5 . 4  ,  '  ,  '  )  ) 
WRITE ( 6 , 90)KBAR 

90  FORMAT ( / '  KBAR 3 ' , E 1 2 . 5 ) 

C 

C  START  TRANSIENT  RESPONSE  CALCS 

C 

F1=(KBAR/P1 -H*VW 1 -VG 1 ) 

DO  26  1=1 ,NE 
VOIDP=(VG 1 +VW 1 )/VS 
WR I T  E ( 6 , 27)TITLE,E( I ) 

27  FORMAT) ' 1 ' ,T10, 10A4//T10. 'TRANSIENT  PRESSURE  RESPONSE  FOR  E3', 
1F7.5//'  STEP  TIME  NO.  OF  PORE  EFFEC.  TOTAL  GAS', 


498 


153 

159 

160 
16  1 
162 

163 

164 

165 

166 

167 

168 
1  69 
1  70 

1  7  1 

172 

173 

173.5 

174 

175 

175.5 

176 

177 

178 
18  1 
186 

187 

188 

189 

190 

191 

192 

193 

194 

195 

196 

197 

198 

199 

200 
201 
202 

203 

204 

205 

206 

207 

208 
209 

2  10 
2  1  1 
2  12 
213 
2  14 
2  15 
2  16 
217 
2  18 
2  19 
220 
22  1 


2'  WATER  VOL.  VOID  AVERAGE'/'  NO.  (MIN.)  SUB', 

6 ' -  PRESS  , 

3'  STRESS  VOLUME  VOLUME  VOLUME  STRAIN  RATIO  COMPRESS.'/, 
4T16,  'STEPS  * *BOTH  IN  KP A  *  ******ALL  IN  CM3  ******  (%)',T82, 

5 ' KP  A ( -  1  )  '/) 

VSTRN=(VT 1 -VTI 2 ) /VTI 2* 100. 

WR I TE ( 6 , 40 )Z2,ES1 ,VT 1 ,VG1 ,VW1 ,VSTRN,VOIDP 
40  FORMAT ( T5 ,  '  O  O  .  0  '  , T24 , 2 ( F6 . 2 , 2X )  , F6 .  1  , 2X , 2 ( F6 . 2 , 2X ) , 

1 F6 . 3 , 2X , F5 . 4) 

VG2  =VG 1 
VW2= VW 1 
P2  =  P  1 
ES2=ES 1 
VT  2  =  VT  1 

NTSTEP=MAX/DELTM 
IFfNTSTEP.LE. 500 ) GOTO  43 
AZMAX=MAX/500. 

WRITE(6,44)E(I) , AZMAX 

44  FORMAT(  ' O* * E R ROR *  *  FOR  E=',F6.5,',  TIME  STEP  MUST  EE', 

1 '  GREATER  THAN  ' . F5 . 2) 

STOP 

43  00  23  J= 1 , NTSTEP 

F  2= ( KBAR/P2-H*VW2-VG2) 

IF((F1*F2) .GT.O.O) GOTO  31 
60  WRITE(6 , 32) E( I )  ,  J 

32  FORMAT!'  FOR  E=',F7.5,',  AND  AT  THE  BEGINNING  OF  STEP  NO.', 
114,',  GAS  SORPTION  COMPLETE.') 

GOTO  26 
31  DELUC=0 . O 

DO  29  K= 1 , 10 
NITS=2** ( K-  1  ) 

DM=DELTM/NITS 
VG3  =  VG2 
VW3= VW2 
P3  =  P2 
ES3=ES2 
VT3  =  VT  2 

DC  33  L  = 1 , NITS 
VO I D  =  ( VG3  +  VW3 ) / VS 
F=(KBAR/P3-H*VW3-VG3 ) 

CT=CC*AL0G1O!{ES3+1O.)/ES3)/( 1+V0ID)/10. 

DUC=0 . 0 
DO  34  M= 1 , 100 
A=CT* VT3+CW*VW3 
D  =  E  (  I  )  *  0  M  *  F 
C  =  -  1  .  *P3*D 

S=VG3+P3*A+E ( I ) *DM*H*VW3/2 
DU=! -B+SQRT(B*B-4*A*C) )/(2*A) 

36  IF(A3S(DU-DUC)  ,LE.TOL)GOTO  35 

CT  =  CC* ALOG  10( ( ES3-0U)/ES3)/(  1  +V0 1 D ) / ( -DU ) 

DUC  =DU 

34  CONTINUE 

WR I TE ( 6 , 37 ) E ( I) , J.NITS.L 

37  FORMAT!'  FOR  E=',F7.5,',  STEP  NO .  '  , I  4 ,  '  ,  NO  OF  SUBSTEPS= '  , I  3 , 

1',  AND  SUBSTEP  NO. ',13/'  NO  CONVERGENCE  FOR  DELTAU  AND  SOIL', 

2'  COMPRESSIBILITY') 

STOP 

35  VG3=(P3/( P3+DU ) ) * ( VG3+D-E( I ) *OM+H* VW3*DU/ ( 2 *P3 ) ) 

VW3=VW3* ( 1 -CW*DU ) 

VT3=VT3*(  1  +CT  *DU ) 


. 


222 

223 

224 

225 

226 

227 

228 

229 

230 

23  1 

232 

233 

234 

235 

236 

237 

238 

239 

240 

24  1 

242 

243 

244 

245 

246 

247 
243 

249 

250 

251 

252 

253 

254 

255 

256 

257 

258 

259 

260 
26  1 
262 

263 

264 

265 

266 

276 

277 

277  .  1 
277 . 2 
277 . 4 

278 

279 

280 
28  1 
282 

283 

284 

285 

286 
287 


P3=P3+DU 
ES3=ES3-DU 
33  CONTINUE 
DELU=P3-P2 

I  F ( ABS ( DELU-OELUC )  . LE . TOL)GOTO  38 
DELUC=DELU 
29  CONTINUE 

WRITE (6, 39) E( I ) ,J 

39  FORMAT  (  '  FOR  E=',F7.5,'.  AND  STEP  NO.', 14,',  THERE  IS  NO'. 

2 '  CONVERGENCE ' , 

1'  ON  DECREASING  DELTA  TIME,  EVEN  WITH  512  SUBSTEPS') 

STOP 

38  VG2  =  VG3 
VW2=VW3 
P2  =  P3 
VT2=VT3 

V0IDN=(VG2+VW2)/VS 
VOIDAV=( VO  I DN+  VO  I  DP ) /2 . 

I F ( ABS( ES3-ES2 ) . LT .0 . 1 )GOTO  55 
CT=CC*AL0G1O( ES3/ES2)/( 1+VO IDA V ) / ( ES3-ES2 ) 

GOTO  56 

55  CT=0. 43429448 19*CC/( 1 +V0 I DAV ) /ES3 

56  VO  I  DP  =  VO  I DN 
ES2=ES3 
NSTEPS ( I ) =J 
TIME! J . I ) = J*OELTM 
PRESS ( J , I ) =P2- 101 . 3 
VSTRN=( VT2-VTI2)/VTI2* 100. 

T  JCS  = J^DELTM 

I J= I  FIX (FLOAT! J)/50. )*50 
I  F ( I J  .  NE . J ) GOTO  41 
WRITE ( 6 . 27 )TITLE , E ( I ) 

41  WRITE ( 6, 42)J,T JCS, NITS, PRESS(J, I) , ES2 , VT2 , VG2 , VW2 , VSTRN , VOIDP  ,  C 

42  FORMAT (  IX , 14 , 2X , F6  .  1 , 3X , 13, 4X , 2(F6 . 2 , 2X) , FS .  1 , 2X , 2(F6 . 2, 2X) , 

1F6 . 3 , 2X , F5 . 4 , 2X, E 12 . 5) 

28  CONTINUE 
WR I TE ( 6 , 45) 

45  FORMAT ( '0  * WARNING*  EQUILIBRIUM  FOR  GAS  SORPTION  HAS  NOT  BEEN' , 
1'  ACHIEVED  AFTER  500  MINUTES') 

26  CONTINUE 

PLOT  RESULTS 

CALL  GPEP5 ( 1,2,3) 

CALL  GPEP3 (0.25,0.3) 

CALL  GRAPH! XA , XB ,  1  .  ,  1) 

CALL  MAXMIN( 0 . , 1000. , MAX , MIN, APRESS , NRGS) 

Y 1 ( 1 ) =Z2 
Y 1 ( 2 )  =  Z3 

CALL  MAXMIN( MAX , MIN , MAX , MIN , Y 1 , 2 ) 

DO  48  I = 1 , NE 

48  CALL  MAXMIN(MAX,MIN.MAX , MIN, PRESS! 1 , I ), NSTEPS! I ) ) 

CALL  GRAPH! YA , YB ,  1  .  ,  1  ) 

CALL  SORT ( AT I ME, APRESS, XB.YB, NRGS, K, XI ,Y1 ,0) 

CALL  PLOT  IT (X  1  , Y 1  ,K ,  1 ,  1  .  1  ,  1  , XA , XB , PLOTSZ , YA , YB , PLOTSZ , 7 ) 

NP= 132 

DO  49  I = 1 , NE 

CALL  SORT (TIME!  1 , I )  . PRESS!  1  , I ) , XB , YB , NSTEPS! I )  , K , X 1  , Y 1 , 0 ) 

CALL  PLOT  IT (X 1 , Y 1 , K, NP ,  1 ,  1 , 3 , XA , XB . PLOTSZ , YA , YB , PLOTSZ , 7) 

NP=NP+ 1 


500 


288 

49 

CONTINUE 

239 

X 1 ( 1 )=0.0 

290 

X 1 ( 2 ) =PLOTSZ*XB 

29  1 

Y 1 ( 1 ) =Z3 

292 

Y 1 ( 2) =Z3 

293 

CALL  PLOT IT(X1,Y1,2,2,  1  ,  1 , 2 , XA , XB , PLOTSZ , Y A , YB , PLOTSZ . 7  ) 

293  . 

2 

Y 1 ( 1 ) =Z2 

293  . 

4 

CALL  PLOTIT ( X  1  , Y  1  ,  1,  12,  1.  1,  1 , XA , XB , PLOTSZ , YA , YB , PLOTSZ , 7 ) 

293  . 

.  7 

Y 1 ( 1)=Z1 

293  . 

8 

CALL  PL0TIT(X1  ,Y  1  ,  1  ,  1  1  ,  1  ,  1  ,  1  ,XA,XB,PLOTSZ,YA,YB, PLOTSZ, 7) 

294 

CALL  PL0TIT(X1  , Y  1  ,2,0.  1 ,  1 ,  1, XA, XB, PLOTSZ, YA,YB, PLOTSZ, 7) 

295 

STOP 

296 

END 

297 

SUBROUTINE  MAXMIN( SMAX , SMIN , FMAX , FMIN , Z , K ) 

298 

DIMENSION  Z ( 500 ) 

299 

FMAX=SMAX 

300 

FMIN=SMIN 

301 

DO  1  1  =  1  ,  K 

302 

I F ( Z ( I  )  . GT . FMAX ) FMAX  =  Z( I ) 

303 

IF  (  Z(  I  )  .  LT  .  FMIN)  FMIN---Z(  I  ) 

304 

1 

CONTINUE 

305 

RETURN 

306 

END 

307 

SUBROUTINE  GRAPH( ZERO , SCALE , SINT , IDIR) 

308 

REAL  MAX , MIN, FAC( 16) 

309 

COMMON  MAX , MIN, PLOTSZ 

3  10 

D I F  F  =MAX -M I N 

31  1 

SCALE=DI FF/PLOTSZ 

312 

0=1  . 

3  13 

F  AC (  1  )  =  1  . 

3  14 

DO  2  1=2.  12,5 

315 

F AC ( I ) =0*2 . 

3  16 

F  AC ( 1+ 1 ) =0*3 . 

3  17 

F  AC ( I +2 ) =Q*4 . 

3  18 

F  AC (  I  +3  ) =0*5 . 

3  19 

F  AC ( I +4 ) =0* 10 . 

320 

0=0*10. 

32  1 

2 

CONTINUE 

322 

DO  1  1=1,16 

323 

TEST  =  F  AC  ( I ) *SINT 

324 

IF(SCALE .GT .TEST ) GOTO  1 

325 

SCALE  =T  E  ST 

326 

GOTO  5 

327 

1 

CONTINUE 

328 

ENTRY  GRAPH2( ZERO, SCALE . SINT , IDIR, I) 

329 

SCALE=ABS(5CALE) 

330 

5 

ICHECK=0 

33  1 

I F ( IDIR . GT ,0)GOTO  3 

332 

TZERO=MAX 

333 

I F ( TZERO . GT .0. ) TZERO =TZERO+ SC AL E 

334 

GOTO  4 

335 

3 

TZERO=MIN 

336 

IF (TZERO . LT.O. ) TZERO =TZERO- SCALE 

337 

4 

M=IFIX(TZERO/SCALE) 

338 

ZERO=FLOAT(M) ‘SCALE 

339 

1  1 

IF( IDIR . GT . 0 ) GOTO  6 

340 

S I MUL=ZERO -PLOTSZ ‘SCALE 

341 

I F ( SIMUL . LE . MIN ) GOTO  7 

342 

10 

I F ( ICHECK . EQ.  1  )GOTO  8 

343 

M=IFIX(2. *TZERO/SCALE) 

501 


344 

ZERO =FLCAT(M)*SC ALE/2. 

345 

I CHECK= 1 

346 

GOTO  1  1 

347 

8 

I  F (  I  .  LT  .  1  6  )  GOTO  9 

348 

SCALE=SCALE* 10. 

349 

GOTO  5 

350 

9 

SCALE=FAC( 1  +  1  ) *SINT 

35  1 

GOTO  5 

352 

6 

SIMUL=ZERO+PLGTSZ*SCALE 

353 

I F ( S I MUL . GE . MAX ) GOTO  7 

354 

GOTO  10 

355 

7 

I  F ( IDIR . LT . 0)SCALE  = -SCALE 

356 

RETURN 

357 

END 

358 

SUBROUTINE  SORT ( X , Z , SCAL EX 

359 

REAL  X(500) , Z(500) , XI (500) 

360 

K=  1 

36  1 

X  1  (  K )  =  X  (  1  ) 

362 

Y1  (K)=Z(  1 ) 

363 

J=  1 

364 

3 

DO  1  1=2, ND 

365 

IF (  I  PLOT . GE .  1 ) GOTO  2 

366 

I F ( X ( I  )  ,LE. 500.  ) GOTO  2 

367 

RETURN 

368 

A  =  ( X ( I )-X( J) ) /SC AL  EX 

369 

B  = ( Z ( I )-Z( J) )/SCALEY 

370 

DIST=SQRT(A**2+B**2) 

37  1 

I F ( D I  ST . LT . 0 .  1 ) GOTO  1 

372 

K  =  K+  1 

373 

J=I 

374 

X  1  (K) =X(  I  ) 

375 

Y  1  (  K  )  =  Z  (  I  ) 

376 

1 

CONTINUE 

377 

RETURN 

378 

End  of  file 

END 

,  ND  ,  K  ,  X  1  ,  Y  1  , I  PLOT ) 


Y 1(500) 


APPENDIX  G 


P  vs  t  BEHAVIOUR  FOR  ALL  UNDRAINED  TESTS 
OMP ARISON  OF  ACTUAL  AND  PREDICTED  BEHAVIOUR 


Pore  Pressure  (KPfi)  Pore  Pressure  (KPfi) 


50  3 


O 


UNDRAINED  ANALYSIS.  TEST  NO.  7C 


CD 


Figures  G.l  and  G.2 


Pore  Pressure  (KPR)  Pore  Pressure  (KPR) 


504 


O 


Tine  (minutes) 

UNDRflLNED  ANALYSIS,  TEST  NO,  7E 


o 


Figures  G.3  and  G.4 


Pore  Pressure  (KPR)  Pore  Pressure  (KPFl) 
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3 


UMDRPINED  RNRLYSIS,  TEST  NO,  7J 


UNCRRINED  RNRLYSIS,  TEST  NO,  7K 


Figures  G.5  and  G.6 


Port:  Pressure  (KPA)  Pore  Pressure  (KPA) 
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KHfftiaxa 

UINT»35&5 


LECGO 

2G7IPL  PRESSURE 
SO.  SHORT  TERM  PRESS. 
EO.  LONG  TERM  PRESS. 
E«iwC4 

E-0.CC8 

E-0JJ1 

2-0.02 


ICO 


200 


200 


'ime  (minutes) 


4C3 


SCO 


UNDRAINED  ANALYSIS,  TEST  NO,  9F 


o 


Figures  G.7  and  G.8 


Pore  Pressure  (KPR)  Pore  Pressure  (KPfi) 
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O 


UNCRPINED  PNPLYSI3,  TEST  NO,  SH 


UNCRPINED  PNPLYSIS, 


NO,  31 


Figures  G.9  and 


n 

VJJ 


10 


Pure  Pr  essure  (KPfi)  Pore  Pr  essure  (KPH) 
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IT) 


Ficrures  G.ll  and  G.12 


Pare  Pressure  (KPh)  Pore  Pressure  (KPfl) 
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n 


0  ICO  200  300  400  SCO 


7 i lie  (minutes) 


JNDRflINED  ANALYSIS,  TEST  NO.  Sr 


Figures  G.13  and  G.14 


Pore  Pressure  (KPR) 
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Figure  G . 15 


Pore  Pressure  (KPfl)  Pore  Pressure  (KPf)) 
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O 


0  30  50  90  12C  ISO 


Time  (minutes] 

UNDRflINED  PNfiLYSIS,  TEST  NO.  12D 


Figures  G.16  and  G.17 


Pore  Pressor  e  (KPfl)  Pore  Pressure  (KPR) 
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3 


UNCRflINED  fiNRLYSIS,  TEST  NO,  12E 


O 


Fiaures  G.13  and  G.19 


Pore  Pressure  tKPft)  Pore  Pressure  (KPR) 
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JNDRflINED  PNPLYSIS,  TEST  NO.  12G 


o 


G  • 


Figures  G.20  and 


21 


Pore  Pressure  (KPfl)  Pore  Pressure  (KPR) 
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Figures  G.22  and  G.23 


Pore  Pressure  (KPtt)  Pore  Pressure  (KPft) 
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O 


o 


Figures 


G . 24  end  G . 2 5 


Pore  Pressure  (KPR)  Pore  Pressure  G<Pfl) 
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3 


UNDRP.INED  ANALYSIS.  TEST  NO.  2 


UNGRAINED  ANALYSIS.  TEST  NO.  2:3 


Figures  G.26  and  G.27 


Pore  Pressure  (KPfl)  Pore  Pressure  (KPfl) 
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in 


UNCRPLNED  ANALYSIS.  TEST  NO.  2’C 


Q 


Figures  G.28  and  G.29 


Pore  Pressure  (KPft)  Pore  Pressure  (KPR) 
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O 

”  I - -» - ' - - - 1 - » - 1 

•1  i 


UNDRflINED  PiNPLYSIS,  TEST  NO.  2TE 


o 


JNDRAINED  fiNGLYSI 


TEST 


NO.  2:f 


Figures  G.30  and  G.31 


Pore  Pressure  IKPf-U  Pore  Pressure  (KPfl) 


O 


Figures  G.32  and  G.33 


Pore  Pressure  (KPB)  Pore  Pressure  (KPR) 
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O 


o 


Figures  G.34  and  G.35 


Pore  Pressure  (KPft)  Pore  Pressure  (KPB) 
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O 


UNDPPINED  ANALYSIS,  TEST  NO.  233 


O 


UNDRAINED  ANALYSIS,  TEST  NO.  23C 


Fiaures  G.36  and  G.37 


Pore  Pressure  (KPR)  Pore  Pressure  (KPfO 
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UNGRPINED  PNPLYSI3.  TEST  NO.  23: 


© 


UNDRRINED  PNPLYSIS,  TEST  NO,  23E 


Figures  G.38  and  G.39 


Pore  Pressure  fKPfl) 


CD 

to 


UNDRflINED  RNfiLYSIS.  TEST  NO.  23F 


Figure  G.40 


APPENDIX  H 


COMPUTER  PROGRAM  FOR 
CONSOLIDATION/GAS  EXSOLUTION  MODEL 
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2 

3 

4 

5 
S 

7 

8 
9 

lO 
1  1 
12 

13 

14 

15 

16 

17 

18 

19 

20 
2  1 


22 

23 

24 

25 

26 


27 

23 

29 

30 

31 


3  2 

33 

34 

35 

36 

37 

38 

39 

40 

4  1 
42 


C 

C 

c 

c 

c 

c 

c 

r 

C 

C 

C 

C 

C 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 


c 

c 

c 

c 


FINITE  DIFFERENCE  PROGRAM  FOR  CONSOL  I  DAT  I  ON/GAS  EXSOLUTION 
PROBLEMS.  THIS  PROGRAM  CONSIDERS  THE  ONE-DIMENSIONAL  PROBLEM 
OF  FLOW  TO  A  80REH0LE  OR  SHAFT  IN  WHICH  THERE  EXISTS  A 
HYDROSTATIC  GRADIENT  (RADIAL  FLOW). 

ALLOWANCE  IS  MADE  FOR  FREE  GAS  EXPANSION  AND  ALSO  FOR  THE 
SORPTION  OF  DISSOLVED  GAS. 

THE  GAS  BUBBLES  ARE  ASSUMED  TO  BE  IMMOBILE  BUT  TO  CONTRIBUTE 
TO  THE  COMPRESSIBILITY  OF  THE  PORE  FLUIDS. 

THE  PARTIAL  DIFFERENTIAL  EQUATION  GOVERNING  THE  PHYSICAL  PROCESS 
IS  DEVELOPED  IN  A  THESES  BY  J.  SOBKOWICZ,  U.  OF  ALBERTA.  1982. 

IT  IS  QUASI  LINEAR  AND  OF  SECOND  ORDER. 

FINITE  DIFFERENCE  APPROXIMATION  IS  DISCUSSED  IN: 

"NUMERICAL  METHODS  FOR  PARTIAL  DIFFERENTIAL  EQNS . "  BY 
W  F . AMES  (1969,  PP .  82-85) 

THIS  PROCEDURE  IS  IMPLICIT  AND  THE  RESULTING  LINEAR  SYSTEM 
OF  EQUATIONS  PRODUCES  A  SYMMETRIC  TRIDIAGONAL  MATRIX  WHICH  IS 
SOLVED  USING  THE  THOMAS  ALGORITHM. 

INITIAL  STRESS  DISTRIBUTION  IS  GIVEN  ON  THE  BASIS  OF  PLANE- 
STRAIN  UNLOADING  OF  A  TUNNEL  IN  AN  INITIALLY  ISOTROPIC  STRESS 
FIELD  TO  A  KNOWN  INTERNAL  TOTAL  PRESSURE,  MODELLING  THE  SOIL 
AS  ELASTIC,  PERFECTLY  PLASTIC,  WITH  A  NON- ASSOC  I ATED  FLOW  RULE, 

AND  ALLOWING  SOME  DILATION  IN  THE  PLASTIC  ZONE. 

THE  ELASTIC,  PERFECTLY  PLASTIC  MODEL  ONLY  APPLIES  TO  THE  INITIAL 
UNDRAINED  RESPONSE,  I.E.  TO  THE  INITIAL  DISTRIBUTION  OF  STRESSES. 
THE  CONSOLIDATION/GAS  EXSOLUTION  PROCESS  BY  NECESSITY  INCORPORATES 
AN  ELASTIC  MODEL  FOR  SOIL  BEHAVIOUR. 

CODED  IN  APRIL  1982  BY  U.  SOBKOWICZ. 

ALL  RIGHTS  RETAINED  BY  THE  AUTHOR. 


DIMENSION  TITLE (20) . R(200) ,U(2CO) 
DIMENSION  B3 ( 200 ) , IS(200) ,D3(2CO) 
DIMENSION  F 4 ( 200 )  ,TCTGAS(200)  ,  UGA! 
DIMENSION  A 9 ( 8 00 ) 

REAL  MAX , MIN , HBAR( 200) 

COMMON  MAX , MIN, PLOTSZ 

COMMON/ ONE/DE LX,DELT , F3 , D3 , B3 , UO J 


E V ( 200 ) , SW ( 200) , UEX ( 200) 
F3 ( 200 ) , B4 ( 200 ) .04)200) 
(200) , DU (200) 


, UOJN , RMIN 


STATEMENT  FUNCTION  FOR  THE  VOLUMETRIC  STRAIN  IN  THE 
PLASTIC  ZONE  AROUND  A  TUNNEL 


43 

DELV1(A,B,C,D,E,H,Z)=(1+A)/B*((1-2*A)* 

( (E+1 )*C* 

44 

1 ( Z/H) **( E- 1 ) -2*D) ) 

44 . 5 

DELV2(A,B,C,D,E,F,H,Z)  =  (  1+4 )/B* 

44 . 7 

1((1-F)*(E-1)*(E+1)*(1-A)/(E+F)* 

45 

2 (Z/H) **( E- 1 ) *( (H/Z) **( E  +  F ) *(2*D/( E+1 ) ) 

3k 

46 

3( ( E  +  F)/(E  -  1 ) )*C**( ( F+ 1 )/( 1 -E) )-C) ) 

47 

PL0TSZ=5 . 

48 

PAT= 101 . 33 

49 

C 

50 

C  READ  IN  INITIAL  DATA 

51 

C 

52 

READ) 5 , 2  )  NPTS , RMIN , RMAX , TMAX , DELT , TOL 

53 

RE AD ( 5 , 2 )  NPLOTS 

54 

2  FORMAT ( I 10, 5F 10.0) 

55 

IF(NPTS.LE. 200) GOTO  3 

56 

WR I TE ( 6 , 4 ) 

57 

4  FORMAT( ' 1PR0GRAM  ONLY  DIMENSIONED  FOR 

200  POINT 

58 

STOP 
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59 
SO 
3  1 
S2 
3  3 

34 

35 
63 
57 
68 

69 

70 

7  1 

72 

73 

74 

75 

76 

77 

78 

79 

80 

8  1 
82 
33 
84 
3  5 
86 

36  .  1 

36 . 2 

86 . 3 
87 
38 

89 

90 

91 

92 

93 

94 

95 

96 

97 
93 
99 

100 

101 

102 

103 

104 

1 05 

106 

107 

108 
109 
1  10 
1  1  1 
1  12 
1  13 
1  14 
114.5 


3  NSTEPS=TMAX/DELT 

DELX=( RMAX-RMIN)/ (NPTS- 1 ) 

DO  7  1=1 , NPTS 

R( I  )  =  ( I  -  1  ) *DELX  +  RMIN 

7  CONTINUE 

READ(5,8) COMPW , E YOUNG, EMU , PHI , ALPH 

PHI =  PH I / 360 . *  2  *  3 .  14159 

PM=( 1+SIN(PHI))/( l-SIN(PHI)) 

8  FORMAT (  1 0F  10.0) 

READ(5,3)PERM, VOID. SAT 
READ(5,8)EGAS, HENRY 

READ! 5 , 2) I  SAT . SIGTOT ,UINT . PTUN . UGASAT . U INTUN 
POROS  =  VO I D/ ( 1+VOID) 

C 

C  SET  INITIAL  VALUES  FOR  LATER  PLOTS 

Q 

CALL  GPEP5( 1,2,3) 

CALL  GPEP8(0. 25,0. 3) 

MIN=RMIN 

MAX=RMAX 

CALL  GRAPH( XA . XB ,  .  1  ,  1  ) 

MAX  =U I NT 
MIN=UINTUN 

CALL  GRAPH! YA . YB  ,  1  .  ,  1  ) 
r 

C  CALCULATE  INTERNAL  PRESSURE  AT  ONSET  OF  FAILURE 
C  AND  ESTIMATE  ACTUAL  INTERNAL  PRESSURE 
C 

HENRY  1 =HENRY 
GOTO  41 

40  HENRY  1=0.0 

41  P  1=SIGT0T-UINT 
D I =2*P 1 / ( PM+ 1 ) 

DF=PTUN-UINT 

D I NC  = 1  . 

I  PD  I R  =  0 

IF(DF.LT.DI) GOTO  37 
WRITE ! 6 , 38) 

38  FORMAT! 'OPTUN  IS  TOO  HIGH  :  GROUND  AROUND  TUNNEL', 
1'  STILL  IN  ELASTIC  RANGE.') 

I PLP 1 = 1 
GOTO  100 
C 

C  CALCULATE  MINIMUM  EFFECTIVE  INTERNAL  PRESSURE 
C  TO  MAINTAIN  S I GMAZ =S I GMA2 
C 

37  DF=(DF+oi)/2 . 

IF(DF.LE.O.O) GOTO  37 

PM I N  =  P 1  * (  1 -2* EMU )/( PM- EMU* ( PM+ 1 ) ) 

C 

C  ESTIMATE  SIZE  OF  PLASTIC  ZONE 
C 

10  RPLAS=RMIN*(2*P1/(DF*( PM+ 1 ) ) ) * * ( 1 / ( PM- 1 ) ) 

C  _ 

C  SOLVE  FOR  VOLUMETRIC  "STRAIN  AT  BOREHOLE  WALL 
C  THEN  FOR  PORE  PRESSURE  CHANGE,  THEN  CHECK  THAT 
C  PEFFICTIVE  +  POREPPESS  =  PTOTAL  AT  WALL. 

C  IF  NOT,  ITERATE  ON  SOLUTION  FOR  RADIUS  OF  PLASTIC  ZONE. 

C 

DELVT 1 =DEL V 1 ( EMU , E YOUNG, DF , P 1 , PM , RMI N , RM I N ) 
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DELVT2=DELV2( EMU , E YOUNG, DF , P 1 , PM , ALPH , RMI N , RM I N ) 
DELVTR= -(DELVT 1+0ELVT2) 

A=POROS*SAT*COMPW 

S=DELVTR+POROS*( SAT* ( COMPW* ( U INT  +  PAT ) -  1 +HENRY 1 )  +  1 ) 
C=DELVTR* ( UINT+PAT ) 

DELU=( -B+SQRT(B*B-4*A*C)  )/(2*A) 

IF(ABS(DELU)  .LT.UINT)GOTO  90 
DF= ( DF+DI ) / 2 . 

GOTO  10 

90  UFIN-UINT+OELU 
PTOT=DF+UFIN 

CHECK  =  ABS( 1  .  -PTOT/PTUN) 

IF(CHECK.LE.TOL )GOTO  9 
I  F (  IPDIR.NE . 0 ) GOTO  91 
IF(PTOT.GT.PTUN) GOTO  92 
DF=DF+D I NC 
I  PD I R  = 1 
GOTO  10 

92  DF=DF-DINC 
IPDI R  =  -  1 
GOTO  10 

91  IF(PTOT.GT. PTUN)GOTO  93 
I F ( IPDIR . EO. 1 ) GOTO  94 
DINC=DINC/ 10. 

I  PD  I R=  1 

94  DF  =DF+DINC 
GOTO  10 

93  IF ( IPDIR . EO .- 1 )GOTO  95 
D I NC  =D I NC/ 1 0 . 

I  PD I R  =  -  1 

95  DF  =DF -D I NC 
GOTO  10 

C 

C  CHECK  TO  SEE  THAT  SIGMAZ  IS  STILL  SIGMA2 
C 

9  IF(DF.GE.PMIN) GOTO  15 
WR I TE ( 6 ,13) 

13  FORMAT (  '  1  *  *  * WARN  I NG* *  *  WITH  CHOSEN  VALUE  OF  PTUN,' 
1'  DF  IS  SO  SMALL  THAT  SIGMAZ  IS  NO  LONGER  SIGMA 2 . ' 
C 

C  CALCULATE  VOLUMETRIC  STRAINS  AND  PP  CHANGE  THROUGHOUT 
C  PLASTIC  ZONE  AT  F.D.  NODES.  CALCULATE  NEW  VALUES  OF 
C  VOID  RATIO  AND  SATURATION  AS  WELL. 

C 

15  I F ( HENRY  1  . NE . O . 0) GOTO  40 

IPLAS=IFIX( (RPLAS-RMIN)/DELX)+1 
UCS=NPTS/2 

IF( IPLAS.LT.UCS) GOTO  17 
UCS=0.8*NPTS 
IF(IPLAS.LT.UCS) GOTO  12 
WRITE ( 6 , 19) 

19  FORMAT( ' 0* * *ERROR* **  PLASTIC  ZONE  GREATER  THAN", 

1'  80%  OF  F.D.  MESH  SIZE.  STOP.') 

STOP 

12  WR I TE ( 6 , 18) 

18  FORMAT(  ' 0* *  * WARNI NG* * *PL AST  I C  ZONE  GREATER  THAN', 

1 ' HALF  THE  F.D.  MESH  SIZE') 

17  DO  11  1=1, IPLAS 

DELVT 1 =DELV1 ( EMU , EVOUNG, DF ,P1,PM,RMIN,R(I)) 
DELVT2=0ELV2 ( EMU , E YOUNG ,DF ,P1,PM,ALPH,RMIN,R(I)) 


17  1 

172 

173 

174 

175 

1  7  S 

177 

1  78 

1  7  9 

180 

13  1 

132 

183 

184 

185 

186 

187 

1  88 

189 

190 

19  1 

192 

193 

194 

195 

196 

197 

198 

199 

200 

201 

202 

203 

204 

205 

206 

207 

208 

209 

210 

21  1 

2  12 

213 

2  14 

215 

2  16 

217 

2  18 

219 

220 

22  1 

222 

223 

224 

225 

226 

227 

228 

229 

230 


ooo  oooooo 


DEL VT=- ( DELVT 1+DELVT2) 

E V  (  I  )  =V0 1 D*  (  1+DELVD+DELVT 
5W( I ) =SAT*P0RQS/ (POROS+DELVT ) 

B=D ELVT+POROS*! SAT* ( COMP W*(UINT+PAT) -  1 )+ 1  ) 

C=DELVT* (UINT+PAT) 

DELU= ( -8+SQRT(3*B-4*A‘C ) )/(2*A) 

U ( I ) =  U I  NT  +  DE  LU 
11  CONTINUE 

I PLP 1 = I PLAS+ 1 
100  DO  16  I  =  I PLP 1 , NPT S 
EV ( I ) =  VO I D 
SW( I ) =SAT 
U  (  I ) =U I  NT 
16  CONTINUE 
U( 1 ) =U I NTUN 
0MIN=MIN 
DO  200  1=1, NPTS 
I F ( U ( I  )  . L  T . QM I N ) QM I N  =  U ( I ) 

200  CONTINUE 

IF  (CMIN.GE . MIN ) GOTO  201 
MIN=QMIN 

CALL  GRAPH! YA  ,  YB ,  1  .  ,  1  ) 

201  CALL  PLOT I T ( R , U , NPTS , 1, 1, 1,4,XA,XB,PL0TSZ,YA,YB,PL0TSZ,7) 

CALCULATE  FINITE  DIFFERENCE  'CONSTANTS'  FOR  T=0  ROW 

UOU 1 =U I NTUN+P AT 
UOUN  =  U I  NT  +  P AT 
I CS  =  NPTS -  1 

PLANE  STRAIN  AV 

AV=( 1+VOID) *2  .  *(  1  . -2 . *  EMU ) * (  1  . *  EMU ) / E  YOUNG 

DO  20  1=2, ICS 

A3=9 . 807/ PERM/( 1 +EV( I ) ) 

D4( I ) =  E  V ( I ) * (  1 -SW( I ) ) 

03! I ) =A3*D4(  I  ) 

F4( I )=SW{ I ) *( EV( I ) *COMPW+ A V ) 

F 3 ( I ) =A3*F4(  I  ) 

IF( ISAT . EO. 1 )GOTO  21 
IS( I )=0 

TOTGAS! I )=( SAT* (HENRY- 1)+1)*V0ID*!UINT+PAT)/(U!l)+PAT) 

VD I F F  =  TOT GA S ( I ) /EV! I ) - ( SW( I ) *(  HENRY- 1 )  +  1 ) 

GOTO  22 

21  IF(U( I) .LE.UGASAT) GOTO  23 
VD IFF  =0 . 

I  S  ( I )  =  1 
GOTO  22 
23  IS! I )=0 

TOTGAS! I ) =HENR Y  * VOID* (UGASAT  +  PAT)/ (U( I ) +PAT ) 

VD I F  F  =  HENR Y  * ( ( UGA S AT  +  P AT ) / ( U ( I ) +P AT ) -  1 . ) 

22  B4! I )=VDIFF*EGAS*EV( I ) 

HBAR  ( I ) =VD I FF/SW ( I ) +HENRY 
B3( I ) =B4 ( I ) *A3 

20  CONTINUE 

ESTABLISH  PP  FOR  T=1  ROW 


NM2=NPTS-2 

CALL  THOM( U ( 2 ) , UEX( 2) ,NM2 , DU ( 2 ) , A9 ( 1 ) , A9 ( 20 1 ) , A9 ( 40 1 ) , A9 ( 60 1 ) ) 
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00  50  I =2 . ICS 
50  U ( I ) =UEX ( I ) -PAT 

CALL  PL0TIT(R,U, NPTS , 2,  1  ,  1  . 4 , XA , XB , PLOTSZ , YA , V B . PLOTSZ  ,  7 ) 
NPLOT  =NSTEPS/NPLOTS 
NPP  =  3 

NINC=NPLOT 

ITERATE  SOLUTION  FOR  EACH  TIME  STEP 

I DRA I N= 1 
DO  33  1=2, ICS 
UGAS ( I ) =UGASAT 
33  CONTINUE 

DO  24  j  =  2  , NSTEPS 

CALCULATE  VOID  RATIO , SATURATION  AND  TOTAL  GAS  VOLUME 
AT  BEGINNING  OF  EACH  TIME  STEP 

DO  25  1=2, ICS 
DMULT  =  1  . 

DVW  =  DU ( I ) * ( D 4 ( I )/(U( I )+PAT )  +  F 4 ( I  )  )  -  B  4  ( I  )*DELT 
E  0  L  D  =  E  V  (  I ) 

E V ( I ) =EV( I ) + AV*DU ( I  ) 

SW( I )=( SW( I ) *EOLD+DVW)/EV( I ) 

IF ( SAT . EO . 1 . 0. AND . EGAS . EO . 0 . 0 . AND . HENRY . EO . 0 . 0) SW( I ) =SAT 
I F ( IS( I) . EQ . 1 )GOTO  26 

NEXT  12  STATEMENTS  ALLOW  FOR  LOSS  OF  GAS  IF  SG< . 85 

I F ( SAT . EQ . 1 . 0. AND . EGAS . EQ.O.O. AND .HENRY . EQ .0.0) GOTO  1 10 
32  IF(I.GT.IDRAIN) GOTO  30 
110  VD IFF  =0 . 

DMULT=0. 

GOTO  27 

30  I F ( I ,GT . IDRAIN+1 )GOTO  31 
I F ( SW (I) .GE.0.85) GOTO  31 
IDRA I N= I 

VD IFF  =0 . 

DMULT=0 . 

WR ITE ( 6 , 35 )  J,I 

35  FORMAT(  'OIDRAIN  NOW  AT  POINT',  15,',  AT  STEP  NO  .  '  ,  1 5 ) 

GOTO  27 

31  PNEW=U( I )+PAT 
POLD=PNEW-DU( I ) 

RATIO=POLD/PNEW 

TOTGA  S ( I ) =RATIO*( TOTGAS( I ) +HBAR ( I ) *DVW) 

VD I FF  =TOTGAS ( I ) /E V ( I ) - ( SW( I ) * ( HENR Y -  1 )  +  1 ) 

GOTO  27 

26  IF(U( I ) ,LE.UGAS( I ) ) GOTO  28 
81  VD IFF  =0 . 

GOTO  27 
28  I S ( I >  =0 

TOTGAS(  I  )  =HENRV*EV(  I  )  *(UGAS(  I)+PAT)/(U(I)+PAT) 
VDIFF=HENRY*( (UGAS( I)+PAT)/(U(I)+PAT)-1 . ) 

CALCULATE  F.D.  CONSTANTS  FOR  STEP 

27  A3  =  9 . 807/PERM/(  1  . +EV( I  )  ) 

D4( I )  =  EV(  I  )  *(  1-SW( I ) ) * DMULT 
D3( I ) =A3*D4 (  I  ) 


231 

292 

293 

294 

295 

296 

297 

298 

299 

300 

301 

302 

303 

304 

305 

306 

307 

308 

309 

3  10 

3  1  1 

3  12 

3  13 

3  14 

315 

3  16 

317 

3  18 

3  19 

320 

32  1 

322 

323 

324 

325 

326 

327 

328 

329 

330 

33  1 

332 

333 

334 

335 

336 

337 

338 

339 

340 

34  1 

342 

343 

344 

345 

346 

347 

348 

349 

350 


oooo  ooo  ooo 


530 


F4(I)=SW(I)*(EV(I) +C0MPW+AV ) 

F  3 ( I ) = A3  *  F4 (  I  ) 

B4( I ) =  VD IFF*EGAS*EV( I ) 

B3( I ) =  64  ( I )  +A3 
H8 AR ( I )=VDIFF/SW( I ) +HENRY 
25  CONTINUE 

PLOT  VALUES  AT  BEGINNING  OF  STEP  IF  DESIRED 

IF(J.EQ.NSTEPS) GOTO  36 
IF(J.LT.NPLOT) GOTO  29 
36  NPLOT  =NPLOT+NI NC 

CALL  PLOTIT(R,U, NPTS , NPP , 1 , 1 , 4 . XA , XB , PLOTSZ , Y A , YB , PLOTSZ , 7 ) 
NPP=NPP+ 1 

CALCULATE  PP  FOR  END  OF  TIME  STEP 

29  CALL  THOM (  U  (  2  ) ,UEX(2) , NM2,DU(2) , A9 (  1 ) . A9 ( 20 1 ) . A9 ( 40 1 ) , A9 { 60 1 ) ) 
DO  51  1=2. ICS 
U  F I ) =UEX ( I ) -PAT 
I F ( U ( I )  . GT . U I  NT ) U ( I ) =U I  NT 
51  CONTINUE 
24  CONTINUE 

CALL  PLOTIT ( R , U , NPTS .0. 1 , 1 . 5 . XA , XB , PLOTSZ , Y A , YB , PLOTSZ , 7 ) 

STOP 

END 

SUBROUTINE  TH0M(U1 , U2 , N , DU . A , B , C . D ) 

SUBROUTINE  CODING  THOMAS'  ALGORITHM  FOR  SOLVING 
TRIDIAGONAL  MATRICES 

DIMENSION  U1(N) ,U2(N) , DU (N) ,A(N) ,B(N) ,C(N) ,D(N) 

DIMENSION  F ( 200 ) .03(200) ,B3(2CO) 

REAL  K 

COMMON/ONE /H ,K.F,D3,B3,X,Y,R0 
PAT= 101 . 33 
DO  1  I  =  1  . N 

A( I )  =  (2 . *1-  1  )/2  .  +  RO/H 
C( I )=(2 . *1+1 )/2 . +RO/H 

B(  I  )=-(  I+RO/H)  *( 2  .  +H*H/K*  (  F  (  1+1  )  +03  (  I+1)/(U1(I)+PAT))) 

D( I ) =-H*H*( I+RO/H) *( F( 1+ 1 )/K*(U1 ( I )+PAT)+B3( 1+ 1 )+D3( 1+ 1 )/K) 

1  CONTINUE 

D(  1 )=D(  1 ) - A (  1  )  *X 

D(N)=D(N)-C(N)*Y 

IF(ABS(B( 1 )) .GT .0.0001 )GOTO  2 

WR I TE ( 6 , 6 ) 

2  C( 1 )=C(  1  )/B(  1  ) 

D(  1 )=D(  1  )/B(  1  ) 

DO  3  1=2. N 

DENCM=B ( I) -A (I) *C (1-1) 

IF( ABS(DENOM) . GT . 0.0001 )GOTO  4 
WRITE (6,6) 

4  C( I )=C( I ) /DENOM 

D( I )  =  (D( I )-A( I )*D( 1-1  ) ) /DENOM 

3  CONTINUE 
U2(N) =0(N) 

NNN=N- 1 

DO  5  L  = 1 , NNN 
I  =N-L 

U2( I )=0( I )-C( I )*U2( I+i  ) 
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5  CONTINUE 
DO  7  I  =  1  ,  N 

DU( I ) =U2 ( I ) -U  1  ( I ) -  101 . 33 

7  CONTINUE 

6  FORMAT(  ' 0* *  * WARN I NG* *  *  THOMAS  ALGORITHM 
1 '  IS  LESS  THAN  0.0001 ' ) 

RETURN 

END 

SUBROUTINE  GRAPH( ZERO , SCALE . SINT , IDIR) 
REAL  MAX , MI N , FAC(  16) 

COMMON  MAX , MIN, PLOT SZ 
D I F  F  =MAX -M I N 
SCALE=DIFF/PLOTSZ 
0=  1  . 

F  AC (  1 )  =  1  . 

DO  2  1=2,12,5 
F AC ( I ) =Q*2  . 

F  AC ( 1+ 1 ) =0*3 . 

F  AC ( 1  +  2) =0*4 . 

F  A  C (  1+3) =0*5 . 

F  AC ( 1+4) =0* 10. 

0=0*10. 

2  CONTINUE 

DO  1  1=1,16 
TEST  =  F  AC ( I ) *SINT 
IFf SCALE . GT . TEST )GOTO  1 
SCALE=TEST 
GOTO  5 
1  CONTINUE 

ENTRY  GRAPH2( ZERO , SCALE , SINT , IDIR , I ) 
SCALE=A8S( SCALE  ) 

5  I CHECK=0 

IF( IDIR . GT .0)G0T0  3 
TZERO=MAX 

IF(TZERO . GT .0. )TZERO=TZERO+SCALE 
GOTO  4 

3  TZERO=MIN 

I  F ( TZERO  .  LT . 0 . ) TZERO  =  TZERO-SCALE 

4  M=IFIX(TZERO/SCALE) 

ZERO=FLGAT (M) *SCALE 

1 1  IF(IDIR.GT.O)GOTO  6 

S I MUL  =  ZER0-PL0T5Z*SCALE 
I F ( SIMUL . LE . MIN) GOTO  7 
10  IF( ICHECK. EO. 1 )GOTO  8 
M=IFIX(2. * TZERO/ SCALE) 

ZERO =FLOAT(M)*SCAL E/2 . 

I CHECK= 1 
GOTO  1  1 

8  I F (  I  .LT.  1  6 ) GOTO  9 

SCALE=SCALE* 10. 

GOTO  5 

9  SCALE=FAC( 1+ 1 )*SINT 
GOTO  5 

6  S I MUL  =  ZERO  +  PLOTSZ*SCALE 
I F ( S I MUL . GE . MAX ) GOTO  7 
GOTO  10 

7  IF(IDIR.LT.O)SCALE=-SCALE 
RETURN 

END 


DENOMINATOR  , 


